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Abstract
The RTE cell line is a keratinocyte line derived from 
explant cultures of stratified squamous epithelium (Rat Tongue 
Epithelium). The culture procedure for initiating new cell lines 
was improved, and the cells were proposed as an in vitro model 
for skin, since they were found to proliferate, stratify and 
differentiate in a simplified culture system in the absence of 
specific substrate requirements (collagen, feeder layers, etc) 
and in a simple culture medium (without the need for growth 
factors, high serum levels, etc.).
The morphology of RTE cells grown in various ways 
(monolayers and stratified cultures grown on plastic, on 
collagen, and raised to the air interface) was investigated. This 
was compared with the parent tissue (rat tongue) and with human 
skin, using both light and electron microscopy, where close 
similarities could be found.
Prolinase activity (cleavage of Pro-X iminodipeptides) was 
measured in RTE cells during long term culture (one month). This 
enzyme activity was found to change around the time of confluence 
when cells began stratifying, and was thought to be a marker for 
cell differentiation from previous work (Hopley 1986). Although 
these changes were found to be reproducible, their significance 
was unclear, and attempts to relate them to collagen synthesis 
(basement membrane turnover in particular) were unsuccessful.
Attempts were made to validate the cell line as a model 
for cyotoxicity testing using a range of diverse compounds with 
known in vivo toxicity (skin, eye, oral LD^ g and oral 90 days) 
and using cell proliferation as an endpoint. However, it was 
difficult to correlate in vitro IC^ g values with in vivo 
classifications of toxicity.
A smaller range of related compounds was then selected, 
and structure-activity relationships were investigated using 
surfactants (anionic, cationic and non-ionic) as model compounds. 
Acid phosphatase activity was measured after 4 hours exposure, 
and neutral red and kenacid blue staining after 3 days exposure 
as a measure of cell proliferation. All three endpoints gave the 
same toxicity ranking order as found in vivo, i.e. cationic > 
anionic > non-ionic. In addition, acid phosphatase activity was 
found to be a specific early marker for damage in kératinocytes. 
Surfactant treatment produced a peak of measured activity in 
these cells which was not reproduced in a 3T3- fibroblast cell 
line.
Lastly, RTE cells were investigated as a model for 
studying DNA-damaging agents using the unscheduled DNA synthesis 
(UDS) assay of Williams (1976). Work with the directly acting 
alkylating agent, MNNG (N-methyl-N^-nitro-N-nitrosoguanidine) 
showed that RTE cells could be used.
Metabolism plays an important role in the toxic effects 
of compounds, since these may subsequently be activated to more 
toxic species or deactivated to relatively harmless ones. The 
capacity of RTE cells for metabolism was therefore investigated 
using the UDS assay and treating with benzo (a) pyrene (BP) , which 
is inert as the parent compound and requires metabolism to exert 
its genotoxicity. RTE cells were found not to metabolise BP to 
any biologically significant degree.
Therefore, it appears that RTE cells can be useful as a 
model for the study of agents having a direct action on skin, 
although their use may be limited for compounds requiring 
metabolic activation.
1 1
Acknowledgements
I would like to thank my supervisor. Dr. Diane J. Benford, 
for her guidance throughout the course of this Ph.D project, and 
also Professor J. W. Bridges for co-supervising.
I would specifically like to acknowledge the help of the 
staff of the Ultrastructural Studies Department at the University 
of Surrey for their technical assistance with the electron 
microscopy; Dr. Nigel Lawrence for providing the sections of 
human skin; Professor Paul Grasso for his encouragement 
throughout my time at the Robens Institute and for his help in 
interpreting slides; Dr. Alessandro Probst for assistance with 
the graphs; Dr. Philip Bentley for his encouragement and support, 
and for proofreading the "final versions" ; Mr Richard Gelles 
for help with printing; and especially Drs. Elspeth Jack and 
Francesco Patalano for help with the artwork and compilation.
I am grateful to the numerous friends and colleagues both 
at Surrey and in Basel, and especially my parents for their 
support and encouragement during the writing of this thesis.
I would like to acknowledge FRAME (Fund for the 
Replacement of Animals in Medical Experiments) for their 
financial support of this project.
Il l
Abbreviations
AP
BP
BSA
DMSO
DOPA
DPX
EDTA
EMEM
PCS
H&E
KB
MNNG
NR
PBS'A '
PCA
pnp
pnpp
RTE
SDS
TCA
TMAB
UDS
Acid phosphatase
Benzo(a)pyrene
Bovine serum albumin
Dimethyl sulphoxide
Dihydroxyphenylalanine
Dibutyl phthalate in xylene
Ethylene diamine tetraacetic acid
Eagle's Minimal Essential Medium
Foetal calf serum
Haematoxylin & Eosin
Kenacid Blue
N-methyl-N^-nitro-N-nitrosoguanidine 
Neutral Red
Phosphate buffered saline without calcium and
magnesium
Perchloric acid
p-Nitrophenol
p-Nitrophenyl phosphate
Rat Tongue Epithelial
Sodium dodecyl sulphate
Trichloroacetic acid
Trimethylammoniumbromide
Unscheduled DNA Synthesis
IV
The RTE Keratinocvte Line As An 
In Vitro Model For Skin
Contents
Page
Abstract i
Acknowledgements iii
Abbreviations iv
Contents v
1. Introduction 1
2. Materials 45
3. Methods 47
4. Results
4.1 Morphology of human skin, rat tongue
and RTE cells 76
4.2 Prolinase activity and proline incorporation
in RTE cells 1 23
4.3 Cytotoxicity testing with RTE cells 146
4.4 Surfactant toxicity in RTE cells 167
4.5 Unscheduled DNA synthesis in RTE cells 196
5. Conclusions 218
6. Appendices
6.1 Isolation of RTE cells by enzymic disruption
of rat tongue 224
6.2 Literature Review
Prolinase, Prolidase and other enzymes capable 
of cleaving proline-containing peptides 227
6.3 Publication
Irritancy testing in cultured kératinocytes 
Gajjar L. and Benford D.J. (1987)
Molecular Toxicology, 1, 513-523. 252
6.4 Publication
Comparison of cultured kératinocytes and fibro­
blasts as models for irritancy testing in vitro. 
Gajjar L. and Benford D.J. (1990)
Toxicology In Vitro, 4, No.4/5, 280-283. 263
7. References 267
VI
1 . Introduction
Page
Foreword 1
1.1 Morphology of Human Skin 2
The Epidermis 2
The Dermis 8
Epidermal Appendages 1 0
1.2 Toxic Responses Of Skin 13
1.3 Skin Irritation In Response To Toxic Chemicals 16
1.4 Current Approaches For Skin Irritancy Testing 20
1. Structure-Activity Relationships 20
2. Percutaneous Absorption 22
3. In Vitro Models For Skin Toxicity Testing 23
i. Skin Organ Cultures 23
ii. Epidermal Slices 24
iii. Human skin in vitro 24
4. Skin Irritancy Testing In Animals 25
5. Skin Irritancy Testing In Man 28
1.5 Kératinocytes in vitro
1. Culture systems for kératinocytes 30
i. Cells grown on inert supports 30
ii. Cells grown on feeder cell layers 32
iii. Cells grown on collagen gels 33
2. Kératinocytes as models for toxicity testing 36
1.6 The RTE Cell Line 40
1.7 Objectives 42
1. Introduction
The skin is the largest organ of the body and constitutes 
approximately 10% of normal body weight. Several important 
functions have been attributed to it. It forms a barrier between 
the organism and its environment, providing protection from 
microbial entry and mechanical and chemical attack. Its 
vasculature and sweating system are important in the regulation 
of body temperature, and partial regulation of water loss and 
retention, and its neuroreceptor network provides sensory 
information about the environment.
From a toxicological point of view, due to its unique 
position at the interface with the environment, the skin is one 
of the first lines of defence against the harmful effects of 
environmental chemicals, particularly in the work situation. Skin 
disorders resulting from exposure to industrial chemicals were 
reported to be the most widespread occupational health problem 
in the USA by the National Institute for Occupational Safety and 
Health (1980), and 45% of all cases of occupational illnesses in 
1980 were skin problems. The situation in Great Britain is 
similar, with industrially related dermatitis (of non-infective 
origins) accounting for 65% of all industrial injury benefit 
payments made during 1976 (DHSS statistics 1976).
In addition to occupational and accidental exposure from 
handling chemicals, potentially hazardous chemicals may come into 
contact with the skin during the course of daily life, including 
contact with clothing, cosmetics, cleansing agents, contaminated 
surfaces, incompletely cured resins, plants, foods, dermally 
applied drugs, jewellery, and a vast array of consumer products.
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A knowledge of the potential toxicity of agents contacting 
the skin is clearly of widespread interest and vital for the 
safety assessment of industrial chemicals, toiletries, household 
products, drugs and cosmetics. It is also legally required for 
the registration of such chemicals prior to marketing.
1.1 Morphology of Human Skin
An understanding of the basic structure and function of 
skin is of fundamental importance when investigating skin 
toxicology. Several excellent reviews of skin structure can be 
found in Weiss and Creep (1977), Fitzpatrick et al (1971), Ham 
(1974), Marzulli and Maibach (1983) and especially Goldsmith
(1983), from all of which the following account is taken. The 
histology of human skin is presented in chapter 4.1 of this 
thesis.
The skin is composed of two layers that are derived 
embryologically from different germ layers (Fig. 1.1). The 
thinner outer layer (epidermis) stains darkly with haematoxylin 
and eosin due to the high density of cells present here, and is 
epithelial tissue derived from ectoderm. The thicker inner layer 
(dermis), consists mainly of pink staining connective tissue 
which constitutes approximately 90-95% of the mass of human skin, 
and has a mesodermal origin.
The Epidermis
The epidermis is a protective tissue noted for its high 
structural stability and chemical resistance. It has a thickness 
of approximately 0.1 mm, however this varies with location, being 
thicker on the palmar and plantar surfaces (0.4 mm to 0.6 mm).
Figure 1.1 The Structure Of Human Skin
(Emmett 1986)
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The epidermis is avascular and receives all its nutrition 
by diffusion from capillaries in the dermis. The interface 
between the two layers is characterised by dermo-epidermal ridges 
("rete pegs") , which serve to maximise the surface area available 
for diffusion.
The epidermis is composed of layers of tightly bound 
epithelial cells called kératinocytes. Four different cell types 
may be distinguished using light microscopy; the stratum basale, 
stratum spinosum, stratum granulosum and stratum corneum.
The deepest layer is the stratum basale, which consists 
of a single row of basal cells. Under the electron microscope, 
basal kératinocytes are seen as low columnar or cuboidal 
epithelial cells containing distinctive intermediate (7-8 nm) 
cytoplasmic filaments, organelles of synthesis such as Golgi 
complexes, mitochondria, endoplasmic reticulum and rosettes of 
ribosomes, as well as markers of cell replication such as 
centrioles and prominent nucleoli. The filaments are precursors 
of keratins, structural proteins found in bundles in higher cell 
layers. The kératinocytes are attached to each other by highly 
developed structures called desmosomes. At the lower surface, 
hemidesmosomes are present and serve to attach the cells to a 
basal lamina, which is synthesised by the basal cells and is a 
lucent layer of 20 nm thickness.
As the basal kératinocytes divide, they migrate outwards 
and differentiate to form the stratum spinosum, which is composed 
of several layers of polyhedral spinous cells, that contain 
thicker, more pronounced bundles of filaments called tonofibrils. 
The spinous cells appear to be connected to each other by
numerous intercellular bridges. At the ultrastructural level, the 
junctions between the cells are seen to be highly convoluted and 
composed of interlocking cellular processes with spaces in 
between, which are filled with lipid. These provide a larger 
surface area for attachment between the cells via desmosomes, 
which are prominent and highly developed in this layer giving the 
cells a spiny appearance. Upper layers of spinous cells appear 
more flattened and contain lamellar granules (membrane coating 
granules) which are 100-300 nm in diameter. These are thought to 
originate from the Golgi apparatus and they migrate towards the 
periphery of the cell. They are found in both the spinous and 
granular layers, but they predominate at the surface of the 
stratum granulosum near the cell envelope of the stratum corneum. 
Here, they are extruded into the extracellular compartment and 
their lipid component rearranges into layers between cells of the 
stratum corneum.
Above the stratum spinosum is the stratum granulosum. This 
granular layer is so called due to the presence of a dense 
amorphous material called keratohyalin, which has a stellate 
profile in cross section. At high resolution the keratohyalin 
granules consist of particulate matter with some keratin 
filaments but no other cytoplasmic components (e.g. lipid 
droplets, ribosomes). The main components of these granules are 
structural proteins rich in proline, histidine and cysteine, 
which form an important part of the protective structure of skin 
when keratohyalin is incorporated into the matrix of cornified 
cells.
The basal, spinous and granular cell layers are also known 
conventionally as the malpighian layers, i.e. the living layers.
Beyond the granular layer is the stratum corneum, the 
outermost layer of skin, which consists of 15 to 20 cell layers. 
The cells are larger but flatter than granular cells, and the 
cellular organelles, including the nuclei, can be seen at various 
stages of disintegration, resulting in the death of the cell. The 
plasma membrane appears thickened due to the formation of a cell 
envelope directly beneath it, which is chemically the most 
resistant component of the stratum corneum. This envelope is 
produced from a soluble precursor protein, involucrin, by the 
formation of stable e-(y-glutamyl)lysine cross links by the 
enzyme transglutaminase. Fully differentiated stratum corneum 
cells are tightly packed, flat, amorphous, dead cells filled with 
keratohyalin and keratin bundles. Interstices of the cells are 
filled with a dense material composed in part of the filament- 
aggregating stratum corneum basic protein, filaggrin, whose 
phosphorylated precursor is the histidine-rich protein of 
keratohyalin granules. This dense material encloses the keratin 
bundles, and such an arrangement of filaments in an amorphous 
matrix confers a high elastic modulus on the keratinised layer 
of the epidermis, whereas the cell envelope probably accounts for 
its resistance to chemical and mechanical destruction.
On examination with a polarising microscope, the stratum 
corneum shows positive double refraction (birefringence) with 
reference to the surface plane, indicating an ordered molecular 
structure in this cornified layer. The tonofibrils in the lower 
layers also show this, however, keratohyalin granules do not.
The epidermis also encloses various migrant cell 
populations. Melanocytes are pigment containing cells derived 
from the embryonic neural crest, which can be identified by a 
positive staining reaction with DOPA (dihydroxyphenylalanine). 
They are found in the basal layer only, and transfer their 
products, the melanin particles (or melanosomes) directly into 
surrounding kératinocytes, by a process called cytocrinia. The 
melanosomes thereby constitute a filter with a remarkable 
capacity for absorbing harmful ultraviolet radiation.
Langerhans cells are another migrant cell type which are 
occasionally found in the lower spinous layers of epidermis. 
These are dendritic, monocytoid cells derived from bone marrow. 
They are distinguished ultrastructurally by the presence of 
characteristic trilaminar intracellular organelles called Birbeck 
granules. These may be straight rod-shaped structures, curved or 
completely circular. They are sometimes expanded into a vesicle­
like structure at one end and resemble miniature tennis racquets. 
Langerhans cells are strongly positive when sections are stained 
for plasma membrane bound ATPase activity, and this technique has 
been used to identify them in skin slices (Mackenzie & Squier 
1975). Langerhans cells are known to be immunocompetent and they 
have a critical role as antigen-presenting cells in the inductive 
phase of the immune response.
Langerhans cells occur at regular intervals in the basal 
layer at a frequency of one per 9 or 10 kératinocytes and make 
contact with surrounding kératinocytes via their dendritic 
processes. It was thought that they were involved in basal cell 
differentiation, and that their granules may be secretory
organelles which served to transmit information to surrounding 
kératinocytes (Allen & Potten 1974). However, the evidence for 
this is questionable and the function of the Birbeck granules 
remains unclear.
A third infrequent cell type found in epidermis is the 
Merkel cell. This is located among basal kératinocytes in close 
approximation to nerve endings in the underlying dermis, and is 
thought to have a transducer function in depolarising nerve 
axons.
There is a great deal of variation in the number of cells 
present in each layer in tissue taken from different individuals 
and from different sites. However, the basic organisation of 
basal, spinous, granular and cornified cells is identical in skin 
taken from any site. In areas of thick skin an additional layer, 
the stratum lucidum is sometimes discernible between the stratum 
granulosum and the stratum corneum. This is an ill-defined layer 
rich in eleidin, a transformation product of keratohyalin present 
in the granular layer.
The surface layers of the stratum corneum are continuously 
shed from the body, and the epidermal layers are maintained by 
division and differentiation of cells from the basal layer. The 
time taken for basal cells to differentiate fully into stratum 
corneum has been estimated at 26-42 days using radioisotopic 
labelling techniques.
The Dermis
The dermis constitutes the mass of skin and serves as a 
supporting unit for the epidermis. It varies considerably in
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thickness from 1 to 4 mm in different regions of the body and is 
composed primarily of collagen and elastin fibres in a matrix of 
mucopolysaccharides called the ground substance. The major 
structural elements of the dermis are synthesised and monitored 
by dermal fibroblasts. Collagen comprises 77% of the fat free dry 
weight of skin and provides the tensile strength of the dermis. 
Type I collagen is the major collagen in dermis (>80%) , with Type 
III comprising approximately 15%. Interwoven between the collagen 
bundles is a network of elastin fibres which serve to maintain 
the normal array of fibres against external mechanical forces.
The principal cells of the dermis are fibroblasts. In 
addition, perivascular mast cells and tissue macrophages are also 
found here. The dermis contains extensive vascular and nerve 
networks and encloses specialised secretory and excretory glands 
and keratinised appendages such as hair and nails.
The dermis is divided into two anatomical regions, the 
papillary and reticular dermis. Papillary dermis is the thinner 
outermost portion that is moulded against the folds of the 
overlying epidermal ridges. The papillary dermis contains smaller 
and more loosely distributed elastic and collagen fibres than 
reticular dermis, and has a greater proportion of interfibrillar 
gel and connective tissue cells in addition to enclosing the 
microcirculatory blood and lymphatic plexuses just below the 
dermal papillae. In contrast, the reticular dermis is relatively 
avascular and acellular, with denser collagen and elastin fibres 
and a smaller proportion of interfibrillar gel.
Beneath the skin is the subcutaneous tissue, or 
hypodermis. This is subject to substantial regional variations
in thickness and is composed of either loose areolar connective 
tissue or fatty connective tissue.
Epidermal Appendages
The appendages found in human skin are sebaceous glands, 
eccrine and apocrine sweat glands, hair follicles with attached 
arrector pili muscles, and nails. These are all derived from the 
migration of epidermal cells into the underlying dermis during 
embryonic development.
Hair follicles develop from epidermal invaginations as 
early as the second month of foetal development. They appear at 
fixed distances all over the body, except for the palms of the 
hands and soles of the feet. As the surface area increases they 
become more widely spread, but no new follicles develop after 
birth. In humans, two types of hair are classified but are 
sometimes difficult to distinguish from each other. Terminal hair 
is found in the scalp and comprises 95% of the trunk hair in 
males, but only 35% of body hair in females. The other hair type 
is fine body hair called vellus. Terminal hairs may reach lengths 
of more than 50 cm, whereas vellus hair rarely reaches greater 
than 1 cm and is often much shorter. There are recurring cycles 
of active hair growth (anagen), regression (catagen) and rest 
(telogen) . These cycles of metabolic activity are not synchronous 
in human skin, and each follicle maintains an independent rhythm 
of growth and rest. In the rat, the hair cycle is synchronous and 
passes as a continuous wave in a cephalocaudal direction.
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Hair follicles extend from the dermis through the 
epidermal layers at a slight angle, and the slope of the emerging 
hair is generally directed towards the tips of the limbs. The 
principd:^ ! mass of hair consists of closely attached, fully 
keratinised fusiform cells arranged in a cohesive fibre, called 
the cortex. The deeper portion of a hair follicle has a bulb­
like structure, called the matrix, which extends deep into the 
dermis (or hypodermis in the case of scalp hair) and is the 
germinative centre of the hair. This bulb is composed of 
epithelial cells enclosing a highly vascularised connective 
tissue papilla. At the lower edge of this bulb are 
undifferentiated, rapidly dividing cells which give rise to the 
various cell layers forming the hair root. As the cells of the 
germinal matrix proliferate, the uppermost ones are forced up 
into the external root sheath. As they move further up the sheath 
the transition into keratin occurs and growing hair eventually 
protrudes from the epidermis.
The cells of the hair follicle papilla are one of the most 
metabolically active types in the body. When hair is plucked, 
some of these cells remain attached to the bulb, and can 
subsequently be cultured in vitro to produce epithelial cell 
lines (Vermorken 1985). The hair follicle is surrounded by a 
sheath of cells which is a direct analogue of and continuous with 
the overlying epidermis, although some of the more external 
layers are absent.
Between the follicle and this outer root sheath is a 
connective tissue layer which is attached to the papillary layer 
of the dermis by a band of smooth muscle fibres known as the
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arrector pili muscle, which serve to move the hair into a more 
vertical position.
The sebaceous glands are usually formed in the upper third 
of the hair follicle as it develops and they grow out into the 
surrounding dermis. Sebaceous glands occur over most of the body, 
except the palms of the hands and soles of the feet, in numbers 
approximating 100 to 900/cm^. They synthesise and secrete lipids 
(sebum) via ducts into the pilary canal, which subsequently find 
their way to the surface of the skin. The basal cells of the 
gland are the germinative cells. As they divide and differentiate 
they progressively accumulate lipid and pass to the centre of the 
gland. Eventually the cells become enlarged, their nuclei become 
distorted and disintegrate, and the cells rupture to form sebum. 
The functions of sebum are not well understood. It has not been 
shown to be a part of the skin barrier, nor to have any role in 
keeping the skin supple. Although it has some antibacterial and 
antifungal activity, these do not appear to be very significant.
The most prominent appendage in human skin in terms of 
sheer number is the eccrine sweat gland. They are distributed 
over the entire body surface and are most dense in the palms and 
soles. There are 3,000 per square inch in the palm. These are 
fully developed at birth and are simple coiled tubular glands 
arising from deep within the dermis or subcutaneous tissues. They 
enter the epidermis at the base of the rete ridges and open 
directly onto the skin surface via a corkscrew-like duct. Their 
function is to produce sweat for evaporative heat loss from the 
body. They are sensitive to environmental and pyrogenic changes 
in temperature and to nervous stimuli. They are inhibited by
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anticholinergics and stimulated by sympathomimetic drugs.
Apocrine sweat glands are more localised than eccrine 
glands and are found in the axillary areas. They are also coiled 
tubular glands, however, they are larger than eccrine glands and 
instead of opening directly onto the skin’s surface, they empty 
their secretions into the pilary canal of hair follicles. 
Apocrine sweat then reaches the epidermal surface with the sebum 
of the sebaceous glands.
The histology of normal human skin will be examined in 
chapter 4.1 of this thesis.
1.2 Toxic Responses Of Skin
The skin displays a large variety of responses to toxic 
agents, which are discussed in greater detail by Prottey (1978), 
Emmett (1986) and Smuckler (1983). These are summarised below:
Irritation
This is defined as a local cutaneous inflammatory response 
(dermatitis) by a direct action on the skin without the 
involvement of an immunologic mechanism. It is characterised by 
erythema and oedema which may progress to vésiculation, scaling 
and thickening of the epidermis. Histologically, it is seen as 
intracellular oedema of the epidermis (spongiosis). Irritation 
may be further classified as acute, being a local reversible 
inflammatory response caused by a single application of a toxin, 
or cumulative, resulting from repeated or continuous exposure to 
materials which do not in themselves cause acute irritation.
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Corrosion
This is defined as a direct chemical action that results 
in the disintegration and irreversible alteration of skin at the 
site of contact. Corrosion is manifested by ulceration and 
necrosis with subsequent scar formation.
Allergic contact dermatitis
Simple irritation is thought to account for 80% of 
clinically recognised contact dermatitis, the remainder being 
allergic in origin. Allergic contact dermatitis occurs via cell- 
mediated or type IV immune reactions and the clinical 
manifestations are similar to those observed in dermal 
irritation, i.e. erythema and oedema. The response is highly 
specific and elicited by very low amounts of the allergen.
Photoirritation
Photoirritation has the same manifestations as dermal 
irritation, but results from light-induced molecular changes in 
the structure of chemicals applied to the skin, which are 
otherwise inert.
Photoallergy
Photoallergy is far less common than photoirritation. 
Although the clinical features of both are very similar, 
photoallergy has an immunological basis and requires a 
sensitisation period before it is fully manifested.
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Chemical Acne
Lesions resembling acne vulgaris may be produced by 
various chemicals applied both topically and systemically. 
Halogenated aromatic compounds, such as TCDD, are particularly 
prone to this and the lesions produced are called chloracne.
Urticarial Reactions
Wheal and flare reactions may be produced within 30 to 60 
minutes of contact to a relatively large number of agents which 
directly release histamine and other vasoactive substances. 
Alternatively, some reactions depend on immediate immunologic 
reactions to ingested or parenterally administered agents.
Hair Damage and Loss
Hair is susceptible to damage from both external agents 
(keratolytic damage, e.g. alkalis, thioglycolates, oxidising 
agents such as peroxides and perborates) and from agents 
contacting the hair matrix through the dermis (matrix cell 
damage, e.g. antimitotic agents).
Hvpo- and Hyperpigmentation
Localised pigmentary loss (melanotoxicity) is produced by 
several chemicals which are structurally similar to tyrosine, the 
major building block of melanin. Hyperpigmentation can be 
produced directly, as with heavy metals (e.g. Ag, Bi, As and Hg) , 
acridines, tetracyclines, 4-aminoquinolines and other alkylating 
agents, or secondarily to phototoxic responses, as with 
psoralens.
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Skin Cancer
Skin cancer can be produced in humans by UV and ionising 
irradiation, polycyclic aromatic hydrocarbons, arsenic and 
combinations of psoralens and UV radiation.
1.3 Skin Irritation In Response To Toxic Chemicals
The vast majority of occupational skin diseases are due 
to contact dermatitis, either irritant or allergic reactions in 
response to toxic chemicals (Emmett 1986). In the context of 
this thesis, it was decided to focus on the process of skin 
irritation produced by primary, i.e. non-allergic irritants.
Chemicals which cause skin toxicity are classified on the 
basis of the severity of the reaction produced when they are 
applied to the skin. When the skin is injured, but not so 
severely as to immediately kill all the exposed cells, the living 
tissue responds to this by the process of inflammation. An 
irritant is a substance which causes inflammation. The severest 
reaction is immediate killing of all the cells at the site of 
contact, i.e. corrosion, which results in necrosis, or cell 
death. However, necrosis may also result indirectly, for example 
by an action of the chemical on blood vessels supplying the 
tissue, causing severe local inflammation.
The direct cytotoxic effects of irritants on the epidermis 
of animals have been summarised by Parish (1985). Changes in the 
stratum corneum depend on the nature of the irritant. Acids tend 
to "fix" the corneal squames, whereas alkalis tend to soften and 
partly destroy them. Surfactants may loosen and erode the
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squames, and both alkali and surfactant will tend to remove 
lipids. There may be unfolding of fibrous proteins, dénaturation 
of soluble proteins, extraction and loss of intercellular 
cementing substances, lipids, water-binding components, and in 
addition enzymes (such as acid phosphatase) may become unmasked 
by moderate irritants. The stratum corneum provides a barrier 
to penetration and contributes to the so-called "reservoir 
effect". This term is used to describe the effects of certain 
chemicals which require repeated application to produce an 
irritant effect. As well as penetrating directly through or 
around the squames of the stratum corneum, chemicals may also 
gain entry via the epidermal appendages (the hair follicles, 
sebaceous glands, apocrine and eccrine sweat glands). Irritant 
chemicals may reduce the barrier function of the stratum corneum 
and modify its structure and function, for example by decreasing 
its flexibility and making it more vulnerable to adverse 
environmental conditions such as temperature and humidity.
The epidermal kératinocytes are affected by all agents 
causing cutaneous inflammation. In addition, the release of 
mediators in the dermis will also contribute to epidermal 
changes. Mild irritants may stimulate epidermal cell respiration 
and mitosis, producing epidermal hyperplasia with minimal cell 
damage, other than the increased shedding of corneal squames 
resulting from an increase in cell turnover, or a thickened 
hyperkeratotic stratum corneum. With stronger irritants hydropic 
degeneration may result in vacuolation and eventual lysis, via 
inhibition of cell respiration which disrupts osmotic regulation 
causing water influx. Enzymic autolysis may also release water
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within the cells and further disturb the osmotic balance. 
Coagulative degeneration, such as from protein precipitating 
chemicals, tends to preserve the cell architecture, although in 
a condensed form. The cell membranes become impermeable and 
enzymes are rapidly inactivated, so that autolysis does not 
occur. The overall result of this is that the killed tissue is 
preserved and later ejected as a foreign body by the surrounding 
inflammatory reaction. Corrosive agents tend to induce 
coagulative necrosis if their action is not severe enough to 
destroy the tissue completely.
The classical signs of acute inflammation are immediately 
visible and are manifested mainly by changes in the blood vessels 
of the dermis due to the release of mediators from epidermal 
cells. Vasodilation in the irritated area increases blood flow, 
which produces redness and heat. The permeability of the blood 
vessel walls increases leading to the escape of plasma proteins 
and leucocytes and the formation of an inflammatory exudate in 
the extravascular space, which causes swelling. The resulting 
increase in tissue tension, together with the action of chemical 
mediators released during inflammation causes pain. Swelling, 
pain and cell death can lead to loss of function of the inflamed 
region.
The main component of inflammatory exudate in addition to 
proteins is cellular. The most prominent cell types being the 
neutrophil polymorphonuclear leucocytes and macrophages (derived 
from blood monocytes) . These migrate by amoeboid movement towards 
the site of injury, as a result of chemotaxis under the influence 
of chemicals released at the site of injury. The degree of
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infiltration is dependent on the severity of the tissue damage. 
The products of inflammation (e.g. inactivated mediators and 
interstitial fluid) are generally removed from the site of 
reaction via the lymphatic system and ultimately excreted. The 
process of inflammation is covered in greater depth by Taussig
(1984).
The consequence of acute dermal inflammation is tissue 
recovery and repair, as occurs in the epidermis. In severe or 
chronic inflammatory reactions, dermal connective tissues are so 
damaged or destroyed that the repair process results in scar 
formation with impaired elasticity.
Following a single application of an irritant producing 
mild to moderate inflammation, the acute phase is short-lived and 
evidence of healing is observed within 24 hours. Mild tissue 
damage, when surfactants or other chemicals penetrate the hair 
follicles, attracts neutrophils to accumulate at the aperture of 
the follicles. These then release their lysosomal enzymes, 
causing separation of the damaged tissue, whilst beneath them the 
epidermal basal layer begins to divide and replace the damaged 
tissue, within 24 hours. More severe irritants tend to penetrate 
deeper and leave a wedge of necrotic tissue. This causes a more 
intense neutrophil infiltration, greater release of tissue- 
degrading enzymes and greater separation of the damaged tissue. 
Epidermal basal cells migrate to the injured site from the 
surrounding area and from deeper hair follicles, and divide to 
form a new basal layer. If the irritant persists, the first wave 
of neutrophils degenerate as they infiltrate the tissue. However, 
new epidermal tissue forms so quickly that regeneration may be
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complete within 5 to 7 days, so the sloughed tissue may remain 
attached for a short time.
1.4 Current Approaches For Skin Irritancy Testing
The safety testing of chemicals which may come into 
contact with the skin is necessary from the point of view of good 
business practice on the part of the manufacturer and because of 
legal requirements imposed by health authorities.
At present, the majority of skin toxicity testing is 
undertaken in animals, and the likely effects in man are 
extrapolated from the data obtained.
Several approaches can be taken to assess the risk of 
adverse skin reactions that may be elicited in man. A 
hierarchical approach to testing is recommended by the British 
Toxicology Society Working Party on Irritancy (Fielder et al
1987). Preliminary studies should include a survey of the 
published literature, and an examination of physico-chemical 
parameters and their likely effects using computer modelling 
techniques (qualitative structure-activity relationships). 
Initial screening may then be performed using in vitro methods, 
followed by testing in animal models, then lastly testing in 
humans under the expected conditions of use of the substance.
1. Structure-Activitv Relationships
The ability of a chemical to interact with biological 
systems and produce a toxic effect is inherent in its chemical 
structure. Some simple predictions of irritant potential can be
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made from physicochemical data alone. Extremes of pH as in the 
case of strongly acidic (pH < 2) or alkaline (pH >11) solutions, 
may cause severe tissue damage. Chemicals of large molecular size 
are unlikely to penetrate the stratum corneum barrier and affect 
the underlying tissues. Partition coefficients are a useful guide 
to probable tissue penetration. Other relevant information which 
may influence both penetration and irritancy includes buffer 
capacity and the effects of excipients.
A more comprehensive system of assessing potential 
toxicity is based on the chemistry of the compound. Structure 
activity relationships have been widely used in the designing of 
new pharmaceutical and agricultural chemicals for a number of 
years. A more recent application is in the prediction of 
toxicity, where a computerised database is set up of the known 
toxicity produced by chemicals together with a mathematical 
analysis of the chemical parameters producing this toxicity 
(Hansch equations) to give quantitative structure activity 
relationships (QSAR) (Enslein 1984). This is then used to assess 
new or untested chemicals for their toxic potential.
The system has been used to assess chemicals for 
carcinogenicity, mutagenicity, teratogenicity, acute oral 
toxicity and dermal and eye irritation. It has been found to have 
a success rate of more than 85% (Enslein 1988) and is available 
as a commercial software package (Topkat) for personal computers.
The QSAR model for skin irritancy is based on Draize 
scores derived from the literature. As with biological assays for 
irritancy testing, severe and non-irritants can be classified 
with some degree of accuracy in terms of predicting human risk,
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however, it is not possible to statistically distinguish between 
mild and moderate irritants (Enslein 1987).
Nevertheless, such systems may still be useful as a first 
step in risk assessment to indicate possible areas of concern.
2. Percutaneous Absorption
Before any chemical can exert a toxic effect, it must 
first have access to a biological target site. In the case of 
skin toxicity, the major barrier to skin penetration is thought 
to lie in the stratum corneum, although the most serious adverse 
effects on skin are elicited in the lower layers of the epidermis 
and in the dermis.
In vitro techniques for assessing percutaneous absorption 
generally use diffusion cells in which excised skin is used as 
the membrane. The test compound is applied using an appropriate 
vehicle on one side and the compound is assayed in physiological 
fluid on the other side of the membrane. Both human and animal 
skin can be used, the epidermis is separated by heat or 
chemically or surgical slices produced by a dermatome. Full 
thickness skin with a thick dermis is not satisfactory for this 
technique.
In vivo techniques where the chemical is applied to the 
intact skin of whole animals generally use radiolabelled tracers 
and absorption is measured by sampling in the blood or in 
excreta. However, this method is invalid for compounds which 
undergo extensive biotransformation in skin or other organs.
A variety of factors may influence the rate and extent of 
penetration of a chemical through the skin. Obvious factors are
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the concentration, time of contact, surface area used and degree 
of occlusion. Some factors are related to chemical structure, 
particularly molecular size, ability to ionise, pH in solution 
and lipid solubility. The nature of the vehicle or solvent in 
which the chemical is administered also influences this. Other 
factors influencing skin penetration are environmental, such as 
the ambient temperature and humidity; the condition of the skin 
including its age, whether it is physically damaged or diseased, 
and the body site where the chemical is applied. Among various 
species (rats, rabbits, guinea-pigs) the skin of man is the least 
permeable, having a much thicker epidermis. The rhesus monkey 
appears to produce similar results to man (Emmett 1986).
3. In Vitro Models For Skin Toxicitv Testing
Due to ethical, economical and scientific objections, 
there are moves to reduce the number of animals used in toxicity 
testing, particularly for irritancy testing. One approach to 
achieve this is the increased use of in vitro methods, where 
experimental conditions can be closely controlled. In addition, 
there is the possibility of using human tissues and cells, which 
improves the extrapolation of the data obtained in predicting 
potential human irritancy. Several systems have been developed 
with this goal in mind.
i. Skin Organ Cultures
Full thickness shaved skin with the underlying fat removed 
can be maintained as metabolically viable in culture for periods
up to 2 days. Skin organ culture has been used to study the
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effects of skin irritants applied directly to the epidermal 
surface, which is maintained above the level of the culture 
medium in contact with air. Changes in the incorporation of 
radiolabelled precursors into macromolecules and the release of 
intracellular enzymes into the culture medium are used as 
measures of tissue damage, which are supplemented with 
histological examination (Kao et al 1983) . Such systems have also 
been used to study skin penetration and cutaneous metabolism, 
where the radiolabelled compound is applied directly to the 
surface of the skin in contact with air, and metabolites are 
assayed in the underlying culture medium (Kao et al 1984).
ii. Epidermal Slices
These are prepared from animals, after shaving the hair, 
using a keratome. The slices retain the stratum corneum and the 
underlying viable epidermis, and have been used for studies of 
the effects of corrosive chemicals by measuring the change in 
electrical resistance across the slice as a measure of stratum 
corneum integrity (Oliver et al 1988).
iii. Human skin in vitro
Biopsies of full-thickness human skin can be obtained as 
a by-product from surgical operations, and can be used for 
histological and biochemical studies of skin morphology and 
enzyme systems. Changes in epidermal metabolism investigated 
using such studies include arginase activity which correlated 
with the degree of kératinisation (Brown & Box 1970), 
protocollagen proline hydroxylase which is involved in dermal
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collagen synthesis, and hydroxysteroid dehydrogenase activity 
which is important in steroid metabolism (Caiman 1970). The 
levels of lysosomal hydrolases in the stratum granulosum of skin 
appear to be very sensitive markers of cell damage, and changes 
can be detected in these enzymes before any histological damage 
is evident (Lansdown 1972, Gibson & Teall 1983).
Various methods have been used to sample human epidermis. 
Full-thickness biopsies can be treated in a number of ways to 
separate the epidermis, including surgical procedures 
(keratotomy), stretching, the use of ammonia fumes and enzymatic 
methods. However, these techniques often produce damage in 
themselves which influence morphological and biochemical studies 
in response to treatment with irritants.
Blister formation at the epidermal-dermal junction can be 
induced in patients using chemicals (such as Cantharidin) or 
suction techniques. In this way, full thickness epidermis can be 
sampled for histochemical or biochemical studies, and the 
remaining tissue is pressed back onto the base, where complete 
reattachment occurs within 24 hours. In some cases, however, 
acantholytic changes occur and the blister forms within the 
epidermal layers.
Adhesive tape-stripping has been used to remove successive 
layers of keratinised cells which can be used for histological 
assessments of hyperkeratosis and parakeratosis and to measure 
biochemical parameters in skin layers such as acid-phosphatase 
activity in response to the application of irritant chemicals 
(Niggli & Rothlisberger 1986).
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4. Skin Irritancy Testing In Animals
The basic processes of tissue damage, inflammation and 
repair are very similar across different animal species including 
man, and therefore animals are routinely used for predictive 
testing for a variety of topical localised responses to 
potentially toxic chemicals, to establish degrees of human risk 
consistent with suitable warnings, labellings and formulations.
The most widely used animal test for predicting primary 
irritants was published by Draize et al in 1944, and numerous 
variations of the basic method have been employed depending on 
the intended use of the test material (Lansdown 1972) . The animal 
of choice is the albino rabbit, because of the ease with which 
erythema can be detected, the relative uniformity of response, 
ease of handling, and the large amount of historical data 
available.
In brief, the fur is clipped from the back region of the 
animal, which is held in a restrainer. The compound (solids, 
liquids, creams, oils, etc) is applied directly onto the shaved 
area and may be covered by a patch which may or may not be 
occlusive (open patch tests are routinely carried out in the 
evaluation of epidermal carcinogens). The shaved skin may first 
be abraded using a variety of techniques to maximise exposure. 
After the given exposure period, the skin is examined for signs 
of tissue damage and scored on a point scale depending on the 
degree of severity. Variations on this theme include protocols 
where the test compound is applied intradermally to shaved skin, 
without abrasion. The same procedures can also be used for 
repeated exposure and for photochemical toxicity testing, where
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the test agent is applied in the same way before exposing the 
treated area to an ultraviolet source.
There is considerable dispute about a number of 
experimental details and its predictive competency (Jacobs & 
Martens 1987). Considerable variation has been observed between 
laboratories (Weil & Scala 1971) due mainly to the fact that the 
assessment of irritancy is made subjectively on the appearance 
of the test site. Nevertheless, the technique is simple to 
perform, gives reproducible results over a wide range of 
materials, and there is reasonable concordance between results 
produced in rabbits and in man (Steinberg 1975). This type of 
test is frequently a legal requirement and is widely considered 
to be a relatively satisfactory method of identifying strong 
irritants and non-irritants. Separation of mild to moderate 
irritants is not so clear cut, and in these cases cumulative 
testing seems to give better predictive results.
Species differences
The basic architecture of the epidermis is similar in all 
mammals, although the details differ in different animals and in 
different body regions of the same animal. Histologically, there 
is an inverse relationship between the thickness of the epidermis 
and hairiness. Most domestic and laboratory animals have a 
relatively thin epidermis composed of two to four cells and a 
thin stratum corneum. In contrast the epidermis in man consists 
of six to ten cell layers with a much thicker stratum corneum 
(MacMillan et al 1984) . This is reflected in experiments for skin 
permeability, where the skin of the rat and rabbit is far more
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permeable than that of man (Bartek et al 1971).
Rabbits are more sensitive to mild or moderate irritants 
than several other species, including man (Phillips et al 1972). 
The skin sensitivity of various test species decreases in the 
order of rabbit, guinea pig, rat, man and miniature swine, and 
consequently these other species are frequently studied because 
their skin response is much more like that of humans over a wide 
range of test materials (Motoyoshi et al 1979).
5. Skin Irritancv Testing In Man
Patch tests based on the method described by Draize et al 
(1944) for rabbits have been widely used in human irritancy 
testing (Lansdown 1972, Pittz 1983). Occlusive patches are 
applied to suitable areas of skin on the forearm or back of 
subjects and the reactions are scored in a similar manner after 
a period of 24 or 48 hours. Variations include repeated patch 
testing on a daily basis until a reaction is produced, which 
reduces errors in subjective assessments made after single 
exposures.
A test frequently used in the safety assessment of 
detergents is the repeated daily immersion of the hands and arms 
of volunteers into suitable solutions of the test substance. Such 
tests are used to distinguish between irritation and 
sensitisation reactions; to determine the highest non-irritating 
concentration of a product to be tested later for human 
sensitising potential; to determine the adverse effects of 
chemicals spilled accidentally onto the skin; and as a rough 
indicator of the relative irritancy of different formulations.
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Definitive clinical tests in man are performed under 
conditions related to the daily use of the product.
Several other more specialised methods have been employed 
to assess irritated or rough skin in humans. Both normal light 
and infra-red photography, has been used to assess and record 
skin inflammation. Scanning electron micrographs of surface 
replicas of skin (made using silicone rubber impressions) have 
been used to assess surface topography. The electrical 
conductance of skin depends on the ion permeability of the 
stratum corneum and is strongly influenced by the moisture 
content and barrier properties of the skin; ion fluxes through 
the skin can also be measured directly. Transepidermal water loss 
(TEWL) again depends on stratum corneum barrier properties. The 
stratum corneum turnover rate has been used as a measure of the 
increased proliferation rate produced by the high metabolic 
index, abnormal kératinisation and skin flaking observed in 
irritated skin. This can be visualised by using dansyl chloride, 
a fluorescent dye which binds covalently to stratum corneum 
proteins, and measuring the disappearance of fluorescence from 
the surface of the skin (Ridge et al 1988). Epidermal thickness 
may be increased by hyperproliferation of kératinocytes due to 
irritation, and this may be measured directly using callipers, 
or by using soft X-rays or pulsed ultrasound. Cutaneous blood 
flow is increased during the inflammatory response and can be 
measured non-invasively using an optical laser Doppler technique. 
In essence, a reference light beam is mixed with light scattered 
from a moving target (in this case blood in capillaries) . An 
optical detector is used to measure when the two are in phase and
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produce a frequency proportional to the Doppler shifted 
frequency, which is a measure of blood flow velocity (Pittz 
1983).
The ability to cause stinging is an important 
consideration in the testing of topical pharmaceutical 
preparations, cosmetics and household chemicals. However, when 
the stinging potential of a number of solutions was tested in a 
range of animal and human test methods, it was found to be 
unrelated to primary irritancy, pH, tonicity or the nature of the 
anion (Laden 1973).
1.5 Keratinocvtes in vitro
1. Culture svstems for keratinocvtes
In recent years, a number of systems have been 
successfully developed for the growth of epidermal kératinocytes 
in cell culture. These may be classified into three distinct 
types : those in which the cells are grown on an inert support, 
such as plastic; those in which the cells are grown on irradiated 
feeder cell layers; and those where cells are basally fed and 
grown on a supporting medium such as collagen gel.
i. Cells grown on inert supports
Several methods have been described for the isolation and 
maintenance of kératinocytes in primary cell cultures grown on 
plastic. Cells have been isolated from several species including 
newborn and adult mouse skin (Fusenig & Worst 1974, 1975) and 
guinea-pig skin (Regnier et al 1973). Although a large number of 
cells can be easily isolated from these sources, their initial
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plating efficiency is very low. The cells can be made to 
proliferate and stratify in culture for several weeks, however, 
longer-term growth and serial cultivation has been difficult to 
achieve. A frequent problem in these early cultures was 
contamination by fibroblasts, which tended to overgrow the 
cultures and hamper the initiation of pure keratinocyte lines.
The best characterised system of this type is that of 
Yuspa & Harris (1974), where newborn mouse epidermal cells are 
plated onto plastic or glass substrates. Essentially all basal 
cells attach to the substrate within 4 hours of plating, and 
almost all of the cells which do not attach are differentiated 
(spinous and granular) cells. The attached cells proliferate 
rapidly and synthesise DNA, RNA, and protein in a synchronous 
manner. Within 1-2 days the cells become confluent and begin to 
stratify, and after 3 days the superficial cells slough into the 
medium, in a manner reminiscent of epidermal desquamation in 
vivo. The cells form desmosomal junctions between neighbouring 
cells and contain numerous keratin filaments, occasional dark- 
staining granules resembling keratohyalin, and thickened plasma 
membranes, which are typical of terminally differentiated cells 
in vivo. The cells also synthesise some histidine-rich proteins, 
which are major components of keratohyalin granules, and form 
insoluble cell envelopes via the action of transglutaminase. The 
cells contain significant amounts of contractile proteins, 
particularly actin, which are involved in cell motility. 
Kératinocytes are highly mobile cells and this is important in 
their upward mobility during differentiation and in other events 
such as wound healing.
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Growth of these cells in low concentrations of calcium 
(0.05 to 0.1 mM) causes the cells to proliferate indefinitely. 
They can be subcultured and cloned but they do not form 
desmosomes and synthesise only lower molecular weight keratins 
characteristic of basal cells. However, when the calcium level 
is elevated to normal (about 1.2 mM), the cells rapidly acquire 
desmosomes and are induced to differentiate.
Human cells derived from explant cultures of buccal mucosa 
have been successfully grown on plastic substrates, where they 
stratify and resemble the parent tissue morphologically. However, 
they do not undergo terminal differentiation and can only be 
subcultured twice (Arenholt-Bindslev et al 1987).
In certain situations the pretreatment of plastic culture 
surfaces with components of the extracellular matrix, such as 
fibronectin, laminin, vitronectin, thrombospondin and collagens, 
can greatly enhance cell adhesion, growth, morphology, migration, 
differentiation and lifespan (see review by Kleinman et al 1987) . 
Examples include hepatocytes which demonstrate prolonged 
viability and morphological characteristics of the parent tissue 
(Michalopoulos & Pitot 1975); thyroid cells which were able to 
concentrate iodine (Chambard et al 1983); and the expression of 
the differentiated phenotype by chondrocytes (Watt & Dudhia 
1988).
ii. Cells grown on feeder cell layers
Rheinwald & Green (1975) demonstrated that human foreskin 
kératinocytes could be propagated through many serial cell 
cultures when plated at clonal cell density on feeder cell layers
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of lethally irradiated (but still viable) 3T3 fibroblasts. The 
fibroblasts provide an undefinable but favourable environment for 
epidermal growth. The cells stratify and mature and are subject 
to modification by growth factors and cyclic nucleotides (Green 
1978), however they do not terminally differentiate and slough 
into the medium. They synthesise many of the low molecular weight 
keratins but not the high molecular weight ones produced in 
normal human epidermis (Sun & Green 1976, 1978), and so behave 
as a basal cell population in this regard. These cells can be 
cultured in methocell suspension where they mature further; their 
keratin filaments acquire disulphide bonds and they form 
insoluble cell envelopes (Sun & Green 1978, Rice & Green 1977). 
This system has also been used for the study of gene expression 
of the keratin proteins (Fuch & Green 1980).
Although the cell line is from a human source, which is 
an obvious advantage in terms of eliminating species differences 
in applying results obtained to the human situation, the 
disadvantages of using this system are that a feeder layer is 
required for growth, together with a complex culture medium 
containing various growth factors (epidermal growth factor) and 
mitogens (cholera toxin). All these components may confound the 
interpretation of changes induced by toxic chemicals.
iii. Cells grown on collagen gels
In conventional culture systems kératinocytes attach to 
plastic substrates (which may be coated with extracellular matrix 
components or feeder cell layers), proliferate and stratify to 
form cultures several layers in thickness. Such cultures are fed
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by medium from above, and nutrients must pass through several 
cell layers before reaching the actively dividing basal cell 
layers. In this type of culture system a limited number of cell 
layers can be produced before the proliferation rate of the basal 
layer is severely inhibited by a lack of nutrients.
This problem can be overcome by plating cells on free- 
floating gels made of collagen, which consists of a lattice 
structure through which medium can be drawn by capillary action. 
Cultures are then fed basally, which is more physiological.
Fibroblasts can be incorporated into the gel to form a 
structure which resembles the dermis (Bell et al 1979). Such a 
"dermal equivalent" can be used as a support for epidermal 
kératinocytes so that dermal-epidermal interactions can be 
investigated (Coulomb et al 1986, 1989). Both epidermal 
kératinocytes and fibroblasts attach to the collagen fibrils 
within the lattice and cause the gel to contract into a more 
compact structure (Grinnell & Lamke 1984; Schafer et al 1989). 
The rate and degree of gel contraction is dependent on the cell 
type (transformed cells contract gels poorly), cell number, 
collagen concentration and also the type of collagen used, the 
order being type III which contracts fastest, type I then type 
II (Ehrlich 1988). Normal adult human skin consists mainly (70%) 
of type I collagen with about 30% of type III. The distribution 
appears to be such that the more superficial papillary dermis and 
lamina propria are rich in type III collagen whereas type I 
collagen predominates in the deeper reticular dermis (Lillie & 
MacCallum 1982). Thus the faster contraction rate of collagen 
fibres typical of superficial dermis may be relevant in wound
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healing. This system has been used as a model for the contraction 
of skin wounds during the healing process, and the effects of 
drugs on this process have been studied (Adams & Priestley 1988).
A further advantage of collagen gels incorporating 
fibroblasts is in initiating cell lines from punch biopsies of 
human skin. These can be inserted into the gel and serve as a 
source of human kératinocytes, resembling an explant culture. MHC 
class II cells and T6 positive Langerhans cells cannot be 
detected in the outgrowing epidermis from punch biopsies inserted 
into a dermal equivalent, and these cells completely fail to 
induce proliferation of allogenic lymphocytes in mixed epidermal 
cell-lymphocyte reactions, and to raise an allogenic T cell 
response. Such a non-immunogenic whole skin model would be a 
promising candidate for allogenic skin-grafting in the treatment 
of burns or chronic skin ulcers (Bagot et al 1988; Doillon et al
1988).
Cells grown on collagen gels demonstrate improved 
differentiation characteristics compared to conventional cultures 
grown on plastic, such as cuboidal basal cells, numerous 
desmosomes, tonofilaments, keratohyalin granules, membrane- 
coating granules, cell envelopes, and expression of the 65-67 kd 
keratin subset. This is thought to be due to basal feeding, and 
the presence of fibroblasts which are important in the 
reorganisation of the gel and the secretion of soluble factors 
(Baden et al 1983; Coulomb et al 1986, 1989).
The gels can be raised to the medium-air interface such 
that cells plated on them are in contact with the atmosphere. 
This is thought to induce further differentiation of the
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kératinocytes, and represents a physiological advantage in that 
it mimics the in vivo situation (Asselineau et al 1986). Lifted 
cultures have also been used to study the effects of chemicals 
applied directly to the cell surface (Vaughan et al 1988).
2. Keratinocvtes as models for toxicitv testing
Kératinocytes have been isolated from several species 
including rat, mouse, guinea-pig, rabbit and humans. These have 
been cultured as both monolayers and stratified cultures in a 
variety of ways ranging from culture directly onto tissue culture 
plastic; plastics coated with components of the extracellular 
matrix; "feeder layers" of irradiated fibroblasts; and basally 
fed cultures grown on floating gels of collagen which may be 
raised to the air interface.
Several parameters of keratinocyte function have been 
studied under various culture conditions in order to optimise 
cell survival and differentiation. The same parameters have also 
been used to study the response of these cells to a variety of 
chemicals as in vitro models for toxicity testing. These 
parameters include cell attachment, morphology, kinetics, growth, 
proliferation, stratification, cell function (membrane integrity, 
respiration, metabolism, lysosomal function), terminal 
differentiation and desquamation. Some of these are indicated in 
the following table (Table 1.1).
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Table 1.1
Parameters Used To Evaluate Toxicitv In Epidermal Keratinocvtes
Cell attachment 
Fibronectin production 
Basement membrane formation
O'Keefe et al 1987 
Hornung et al 1987
Cell morpholoqv
Spreading
Cytomorphological
changes
Morphogenesis of 
stratified cultures
Yoshizato et al 1988 
Arenholt et al 1987
Regnier et al 1988 
Buckley & Middleton 1987
Cell kinetics
Locomotion (time-lapse 
video recording)
Dover & Potten 1988
Cell growth / proliferation
Colony formation
DNA synthesis 
(thymidine incorporation)
RNA synthesis 
(uridine incorporation)
Protein synthesis 
(leucine incorporation)
Mitotic activity
Nile Blue staining
Hyperplasia
Parkinson 1 987
Watt et al 1988 
Vaughan et al 1988
Arenholt-Bindslev et al 1988 
Duffy et al 1986 
Milstone & LaVigne 1984
Stratification
Cell number per unit area Duffy et al 1986
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Table 1.1 (contd.)
Desquamation
Non-viable detached / 
viable attached cell counts
Prunieras & Delescluse 1984
Cell function
Membrane integrity
- Enzyme leakage, e.g. 
Lactate dehydrogenase 
Hexosaminidase
- Trypan Blue dye 
exclusion
- Intracellular K* 
concentration
Respiration
- Mitochondrial dehydro­
genase activity
(MTT assay)
Lysosomal function
- Neutral red uptake
- Acid phosphatase activity
Permeability of 
stratified cultures
Cell metabolism
Fatty acid metabolism
Collagen metabolism
7-Ethoxycoumarin 
metabolism (oxidation 
& conjugation)
Duffy et al 1986
Kappus & Artuc 1987
Mol et al 1986
Swisher et al 1989
Borenfreund et al 1989 
Niggli & Rothlisberger 1986
Squier et al 1978
Schurer et al 1989
Petersen et al 1987
Coombes et al 1984 
Finnen & Shuster 1985
Terminal Differentiation
Cell surface glycoprotein 
expression
Keratin expression
Roberts & Brunt 1986 
Klein et al 1987
Fuchs & Green 1980 
Stoler et al 1988 
Asselineau et al 1985 
Duffy et al 1986
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Table 1.1 (contd.)
Histidine Rich Protein 
(Filaggrin) synthesis
Involucrin synthesis
Bullous pemphigoid 
antigen expression
Transglutaminase
activity
Cornified envelope 
formation
Kim & Bernstein 1987 
Kanitakis et al 1988 
Regnier et al 1988
Watt et al 1988 
Kanitakis et al 1987 
Regnier et al 1988
Regnier et al 1988
Yoshizato et al 1988
Sun & Green 1976 
Parkinson 1987 
Michel et al 1989
Cell damage
Lipid peroxidation
Arachidonic acid 
metabolism / PGEg 
synthesis
Kappus & Artuc 1987 
Pentland et al 1987
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1.6 The RTE Cell Line
The RTE cell line is a keratinising squamous epithelium 
derived from explant cultures of rat sublingual mucosa, (i.e. Rat 
Tongue Epithelium) originally described by Jepsen in 1974.
RTE cells can be cultured in the absence of an irradiated 
feeder layer and in a simpler culture medium than for human cells 
without the need for growth factors. However, the use of 
irradiated 3T3 fibroblasts as a feeder layer has been found to 
facilitate both the initiation of new cell lines in primary 
explant cultures, and the subcultivation of these lines 
(MacCallum et al 1987).
The cells stratify and undergo terminal differentiation 
in culture, and surface cells desquamate continuously. The
cultures can be maintained for periods exceeding 2 years in the 
same flask.
At the electron microscope level, after 120 days in 
culture, the two to three lower cell layers contain nuclei and 
numerous organelles, whereas the two to fifteen superficial 
layers show degenerating nuclei and organelles and a keratin 
filaments. The cultures show features characteristic of the 
parent tissue, excepting that membrane-coating granules and 
keratohyalin granules are absent (Fejerskov et al 1974; Jepsen 
et al 1980). The morphological characteristics of RTE cells are 
stable over at least 15 passages.
Chromosomal analysis of an 11-month old explant culture 
has revealed a normal diploid chromosome number of 42 without
demonstrable morphologic derangements (Jepsen 1974). However, 
after the fourth subculture cells were found to be aneuploid with
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a modal chromosome number of 40, 10% of cells being polyploid.
Cells at passages 7 and 8, when injected subcutaneously 
into rats, produced cysts which degenerated completely within 30 
days. There were no signs of invasiveness or tissue rejection, 
and RTE cells are therefore not malignant (Jepsen et al 1980).
The cell line has been employed (using conventional 
culture on plastic) in various experimental situations including 
the study of epidermal G1-chalone control of cell proliferation 
(Richter et al 1984); barrier function in a system where 
membrane-coating granules are absent (Squier et al 1978); 
morphological changes (elongation and production of cytoplasmic 
extensions) induced by tumour promoters (Arenholt et al 1987); 
the effects of herpes simplex virus on the cytoskeletal 
intermediate filaments and keratins (Norregard Nielsen et al 
1987); the inhibition of tumour promoter induced cell 
proliferation by selenite (Arenholt-Bindslev et al 1988).
RTE cells have also been cultivated on collagen gels 
raised to the air-medium interface, where they have been found 
to produce well ordered cultures which closely resemble the 
parent tissue. Basal cells are more cuboidal, the spinous layer 
is more developed, and contains membrane-coating granules, and 
an extensive ordered keratinised layer is present. All the 
terminally differentiated cells are retained on the keratinising 
surface during the life of the culture, giving a stratigraphie 
history, which may be used to study the kinetics of 
differentiation and kératinisation (Lillie et al 1980, 1988;
MacCallum et al 1987). Growth on a basement membrane promoted 
cell attachment, migration and spreading, whereas growth on
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collagen favoured terminal differentiation. Type III collagen 
gels which formed a finer fibrillar network provided better 
support for the cells and the surface was organised and condensed 
more readily than the courser fibres formed by type I collagen 
gels (Lillie & MacCallum 1982).
1.7 Objectives
The main objectives of this work were to develop and 
characterise the RTE keratinocyte cell line, and to assess its 
suitability as an in vitro model for skin toxicity testing. With 
these goals in mind, the following lines of investigation were 
pursued:
1 . Development
Culture conditions were optimised to facilitate the 
initiation of new RTE cell lines from explant cultures. 
Attempts were also made to isolate viable RTE cells 
directly by enzymic digestion of whole rat tongue (see 
Methods and Appendix 1 ).
2. Morpholoqv of RTE cells
The morphology of RTE cells grown as monolayers and 
stratified cultures was investigated using both light and 
electron microscopy. The cells were grown in various ways, 
using conventional culture methods on plastic and in 
basally fed cultures on collagen gels (both submerged, 
free-floating gels and gels raised to the air interface) 
since this was thought to improve culture differentiation.
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Cell morphology was compared with the histology of the 
parent tissue (rat tongue) and also with human skin 
(chapter 4.1).
3. Differentiation
Work by Hopley (1986) indicated that prolinase activity 
(cleavage of Pro-X iminodipeptides) may be a good marker 
for RTE cell differentiation, due to changes in activity 
observed at the stage when fully confluent cells commenced 
stratification. RTE cells were therefore investigated as 
models for studying keratinocyte differentiation over a 
period of one month in continuous culture using prolinase 
activity as a marker enzyme. Two RTE cell lines of early 
and late passages (3 and 30) were compared (chapter 4.2) .
4. Cvtotoxicitv testing
RTE kératinocytes were investigated as models for the 
cytotoxicity testing of compounds which are known to cause 
skin irritancy using the protocol employed by the FRAME 
cytotoxicity programme (Knox et al 1986) which measures 
cell proliferation (chapter 4.3). As a second step, the 
toxicity of a series of related compounds (detergents) was 
investigated using both the FRAME protocol and by 
measuring cellular acid phosphatase activity, a well 
characterised enzyme whose activity is increased in vivo 
during skin irritation. The results were compared in 
fibroblasts, to assess the specificity of the keratinocyte 
responses, and also with in vivo data (chapter 4.4).
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6. Metabolism
The xenobiotic metabolising capacity of RTE cells was 
investigated since this is known to have a profound effect 
on the ability of cells to activate and deactivate toxins. 
This was assessed using benzo (a) pyrene as a model compound 
and using a biologically significant end-point (DNA 
damage) (chapter 4.5).
7. Unscheduled DNA Svnthesis
RTE kératinocytes were investigated as a model for 
studying compounds which are known to interact with DNA 
and cause skin carcinogenesis, by measuring DNA repair 
(chapter 4.5).
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2. Materials
1. Animals
Male Wistar Albino rats, approximately 200g, supplied by 
the University of Surrey breeding unit.
2. Falcon Tissue Culture Plastics
Becton-Dickinson U.K. Ltd., Cowley, Oxford.
3. Cell culture media and constituents
Gibco Ltd., Paisley, Scotland.
Flow Laboratories, Rickmansworth, Herts.
4. Chemicals. substrates and surfactants
Sigma Chemical Co. Ltd., Poole, Dorset.
5. Solvents
BDH, Dagenham, Essex.
6. Protein Assav Reagent
Bio-Rad Laboratories Ltd., Watford, Herts.
7. Radiochemicals
Amersham International pic, Amersham, Bucks.
8. Histological Stains
BDH, Dagenham, Essex.
Paramount Reagents, Liverpool, Merseyside.
9. Electron Microscopv Reagents
TAAB Laboratories, Berkshire.
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10. Composition of Culture media
a. Eagles Minimal Essential Medium (EMEM) for RTE Cells 
Complete Medium
Sterile double distilled water 436.7ml
Eagles MEM (x10 concentrate) 50.0ml
Foetal Calf Serum 50.0ml
L-Glutamine (200mM, x100 concentrate) 5.0ml
Kanamycin (lOmg/ml, x100 concentrate) 5.0ml
NaHCOg (7.5% aq) 13.3ml
560.0ml
b. Primary Medium
Medium used for primary cultures of rat tongue was 
complete EMEM as above but containing 100 ml FCS and 0.5% 
DMSO (to prevent vacuolation and cytoplasmic retraction).
c . Serum-Free Medium
Serum free medium had a similar composition to complete 
EMEM except that the foetal calf serum was replaced by an 
equivalent volume of double distilled water.
d. Dulbecco's Minimal Essential Medium (DMEM) for 3T3 Fibroblasts
Sterile double distilled water 332ml
Dulbecco's MEM (x10 concentrate) 50ml
New Born Calf Serum 50ml
NaHCOg (7.5% aq) 25ml
L-Glutamine (200mM) 10ml
Penicillin (5000 lU/ml) with 20ml
Streptomycin (5mg/ml)
Fungizone 8ml
Sodium pyruvate (lOOmM) 5ml
500ml
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3. Methods
3.1 Initiation and Maintenance of RTE Cell Lines
3.1.1 Primary Cultures of Rat Tongue
RTE cell lines were derived from explant cultures of rat 
tongue using a method based originally on that of Jepsen (1974).
The tongue was removed from an untreated rat (male Wistar, 
approximately 200g) which had been killed for removal of organs 
for other experiments. The tongue was dissected along its length, 
the tip was removed and only the sublingual half was used. This 
was sterilised by rinsing briefly in 70% ethanol, then 
transferred to a petri dish containing culture medium in a 
sterile cabinet.
The tongue was cut into small pieces (1-2 mm^ ) such that 
each piece retained some of the surface layers. The pieces were 
blotted on sterile filter paper to remove excess medium then 
arranged in a 6-well tissue culture plate. The plate was left in 
an incubator for 10 to 15 minutes to allow the tissue pieces to 
"dry on", then primary culture medium was carefully added to the 
wells and the plate left in an incubator gassed with 95% air/ 5% 
COg at 30°C.
A few days later, cells were seen to migrate out from the 
pieces of tissue and onto the plastic, where they began dividing. 
After allowing a week for the culture to establish itself, the 
culture medium was changed twice weekly.
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3.1.2 Removal of fibroblasts
The cells which grew out from primary explant cultures of 
rat tongue were predominantly one of two types, either epithelial 
cells or fibroblasts. The aim was to develop an epithelial cell 
line so the fibroblastic contamination needed to be removed, 
preferably by the first subculture. This was achieved using a 
combination of the following procedures;
a. Growth on ore-treated plastics
Falcon Primaria tissue culture flasks contain protein­
like functional groups as part of their integral structure and 
their surface chemistry resembles that of polylysine and 
collagen. This is thought to promote better attachment, 
proliferation and differentiation for many cell types. However, 
growth of both primary cultures and cell lines on Primaria 
plastics seemed to have little or no advantage compared with 
standard grade Falcon tissue culture plastic.
b. Incubation at 30°C
Incubation of cells at 30°C, which is a relatively low 
temperature compared to that used for other cell types, inhibited 
fibroblast growth and enhanced epithelial growth.
c. Preconditioned Medium
Culture medium was removed from flasks containing 
confluent RTE cells after 2 or 3 days incubation. When this was 
used mixed with the same volume of fresh medium it enhanced the 
growth of epithelial cells in primary cultures and also greatly
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improved the plating efficiency at the first subculture.
d. Differential Trvpsinisation
Incubation of cultures with 0.25% trypsin without EDTA for 
10-15 minutes at 37°C removed a large proportion of fibroblasts 
but left the epithelial cells attached. These could later be 
subcultured in the normal way with 0.5% trypsin / 0.2% EDTA.
e. Crowding
At the time of the first subculture, pooling the cells 
from several confluent primary cultures and plating them at high 
density increased the number of epithelial cells and so improved 
their plating efficiency.
3.1.3 Subculture of RTE cell lines
Confluent cultures of RTE cells (both primary cultures and 
cell lines) were rinsed in PBS 'A' then incubated with 2ml per 
25cm^ flask of trypsin/EDTA (0.5% trypsin containing ImM EDTA in 
PBS 'A') at 37°C. The cultures were shaken gently to dislodge 
cells and examined using a phase-contrast microscope. Cell lines 
were detached within 1 0  to 15 minutes whereas primary cultures 
needed a longer incubation (up to 30 minutes). The cell 
suspension was then transferred to a separate tube containing 
complete medium to inhibit the trypsin and centrifuged at 50g to 
pellet the cells. The supernatant was discarded and the cells 
were resuspended in fresh medium. A sample of this suspension was 
assessed for cell count and viability and the cells were diluted 
to the appropriate cell density before plating as required.
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Cells were seeded at 4x10^/ml, 5ml per 25ml flask and 
1 . 6x10^/ml, 1ml per well in 24-well plates unless otherwise 
stated. Cells were incubated for 24 hour to allow cell attachment 
after which the medium was changed to remove unattached cells.
3.1.4 Assessment of Cell Number and Viability
Trypsinised cells were suspended in complete medium and 
a 50pl sample was mixed with an equal volume of 0.5% Trypan Blue 
in 0.85% saline. Viable (clear) and non-viable cells (blue cells 
which have not excluded the dye) were counted using a 
haemocytometer. The total cell number was adjusted for the 
dilution of the Trypan Blue and the cells were adjusted to the 
appropriate cell density before plating as required.
3.1.5 Isolation of cells bv enzymic disruption of rat tongue
Several methods were employed to isolate viable epithelial 
cells from rat tongue (Appendix 1). The most successful method 
used Sigma protease type XIV.
The tongue was removed from a freshly killed animal, 
sterilised by rinsing briefly in 70% alcohol, then cut in half. 
The sublingual half was incubated in a solution of protease XIV 
(10 mg/ml in serum-free medium, equivalent to 40 Units/ml) at 4°C 
overnight. The following day, the epidermis was peeled away from 
the underlying dermis using forceps and incubated in 0.25% 
trypsin in PBS 'A' at 37°C for 5 minutes. The mixture was shaken 
to dissociate the kératinocytes from the epidermal sheet. 
Complete medium was added to inhibit the trypsin, the cells were 
centrifuged and resuspended in fresh medium before assessing
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cell number and viability.
More than 95% of cells isolated in this way were viable 
as assessed by Trypan Blue exclusion. However attempts to 
initiate a cell line from such cells were unsuccessful since they 
did not attach readily to tissue culture plastic (or Primaria 
plastic), even when the surface was coated with polylysine or 
collagen.
3.1.6 Freezing and Thawing of Cells
a. Freezing
Cells were trypsinised in the usual way and viability and 
cell counts assessed. The cells were resuspended in complete 
medium containing 10% DMSO and the cell density adjusted to 
2x10^/ml. The cell suspension was aliquotted into sterile 
cryotubes (Nunc) and placed in a cooling adapter (Union Carbide) 
over a liquid nitrogen freezer. The cells were cooled slowly at 
approximately 1°C per minute over about three hours. A faster 
cooling rate of 1 / 2  hour from room temperature to liquid nitrogen 
(vapour phase) was equally effective and made no difference to 
the viability or plating efficiency on thawing. Cells were stored 
in the vapour phase of a liquid nitrogen freezer.
b. Thawing
Frozen cells were thawed quickly and mixed with a large 
volume of complete medium to dilute out the DMSO to below 1% (10% 
DMSO is toxic at room temperature). The cells were centrifuged 
and resuspended in fresh medium, then plated at the appropriate 
density.
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3.1.7 Extraction of rat tail collagen
Rat tail tendons are composed primarily of Type I
collagen. The collagen composition of dermis is also 80-85% Type
I collagen and therefore it was felt that rat tail collagen would 
be appropriate as a support for RTE kératinocytes.
The method used to extract rat tail collagen and produce
gels was based on that of Bell et al (1979).
The tails were removed from 200g rats which were untreated 
but had been killed for other experiments. These could be stored 
frozen at -20°C for 3 months without affecting the quality of the 
collagen and thawed as required.
The tendons were removed from the tails by first scoring 
the skin with a scalpel about an inch from the tip of the tail 
then twisting and pulling either side of the cut to expose long 
lengths of tendons. The process was repeated at 4 or 5 points 
working up the tail to remove as many tendons as possible. The 
tendons were dipped briefly in 70% ethanol to sterilise them, 
finely minced with scissors, weighed and left to stir in sterile
0.1% acetic acid for 4 days. The mixture was then centrifuged 
at 2 0 0 0 g and the supernatant used as the crude collagen 
preparation.
3.1.8 Cell culture on Collagen Gels
When the crude collagen solution was neutralised and 
warmed, it formed a gel in about 30-45 seconds. Gels were cast 
both in 35mm petri dishes and in 6 -well culture plates. The 
collagen solution was neutralised with O.IM NaOH and buffered
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with culture medium, then mixed as quickly as possible. All 
solutions were kept as cold as possible to slow the gelling rate 
and allow adequate mixing to produce a uniform gel.
When fibroblasts were required to be incorporated into the 
gels, they were trypsinised from confluent flasks and resuspended 
in fresh medium at 30°C at the appropriate density. This cell 
suspension was then used as the culture medium to form the gels.
Crude Collagen Solution
O.IM NaOH (sterile) 
Culture Medium
35mm petri dish
2 . 0  ml
0.33 ml
2 . 0  ml
6 -well plate
1 . 0  ml
0.165 ml
1 . 0  ml
Total Volume 4.33 ml 2.1 65 ml
After mixing, gels were placed in a gassed incubator 
(95% air / 5% COg) at 30°C to gel for a minimum period of an hour 
before cells were plated on top. Cells were allowed to attach 
overnight then the gels were lifted free of the bottom of the 
culture vessel so they were floating in the medium. The presence 
of the cells caused the gels to contract, and if the gels were 
left attached to the plastic this caused distortions so they 
contracted unevenly and folded over. After plating the cells, 
gels were left for 2-3 days to contract before medium was changed 
twice weekly as usual.
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3.2 Histology
3.2.1 Fixation and Processing of Rat Tongue for Light 
Microscopv
Freshly dissected rat tongues were fixed in 10% buffered 
formalin (pH 7.4) overnight. They were then processed in an 
automatic tissue processor (histokinette) using the following 
solutions :
70% IMS 
80% IMS 
90% IMS 
100% IMS (x3 changes)
Toluene (x3 changes)
Dehydration
Clearing
1 hour
1 hour
1 .5 hours
2  hours each 
1 hour
1 .5 hours
2.5 hours 
Molten wax at 60°C 3 hours
Fresh wax 60°C 3 hours
The processed tissue was then embedded in wax and semi-
thin sections were cut.
Wax Impregnation
3.2.2 Fixation and Processing of Cells Grown on Collagen for 
Light Microscopv 
Cells grown on collagen were rinsed in PBS'A' to remove 
medium and fixed in 10% buffered formalin (pH 7.4) overnight. 
They were then processed manually in a glass container using the 
same sequence of dehydration and clearing as for rat tongue, but 
the time in each solution was reduced to 15 minutes. The gels 
were impregnated with wax in the same way as for rat tongue.
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embedded in wax at right angles to the plane of cutting in 
plastic cassettes and semi-thin sections were cut.
3.2.3 Fixation and Processing of Whole Cells Grown on Thermanox
for Light Microscopy 
Cells grown on Thermanox coverslips were fixed, dehydrated 
and cleared as for cells grown on collagen. They were then 
mounted on glass slides with the cell surface uppermost using 
DPX, left overnight to dry and stained as for wax sections.
3.2.4 Haematoxylin and Eosin Staining
Wax sections were brought to water by dewaxing in two 
changes of xylene for two minutes each, then hydrating in graded 
alcohol (100%, 80%, 60% IMS) for a minute each before washing 
well in tap watér. Sections and cells grown on Thermanox 
coverslips were stained in the following way:
1. Stain in Harris' Haematoxylin for 10 minutes.
2. Wash in running tap water to remove excess stain.
3. Differentiate in 1 % acid alcohol for 5-10 seconds 
(sections are now pink).
4. Wash well in Scott's tap water substitute to 'blue' 
the sections.
5. Check nuclear staining microscopically (nuclei should 
be blue and cytoplasm clear).
6 . Counterstain in 1 % Eosin for 3-5 minutes
7. Wash well in running tap water to remove excess stain.
8 . Dehydrate in graded alcohols; 85% for 30 seconds then a
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minute each in two changes of 1 0 0 %.
9. Clear the sections in two changes of xylene for 2 minutes 
each.
10. Mount the sections with coverslips using DPX.
Nuclei, appear blue/black in colour, the cytoplasm is 
varying shades of pink and collagen appears pale pink/red.
3.2.5 Toluidine Blue Staining
Wax sections were brought to water as for Haematoxylin and 
Eosin staining. Both wax sections and whole cells grown on 
Thermanox coverslips were stained using a 1 % aqueous solution of 
Toluidine Blue for 5 minutes, then rinsed in distilled water 
until the required staining intensity was achieved. Slides were 
examined microscopically throughout. Excess water was blotted 
using filter paper and the slides were allowed to dry overnight 
before mounting with DPX.
3.2.6 Photography of living cells and stained slides
Living cells were viewed using a Nikon TMS phase contrast 
microscope and photographed by means of an attached Nikon F-301 
camera using Kodak black and white film. Stained slides were 
photographed using an Olympus CM-2 camera with Kodacolour Gold 
100 ASA colour film, attached to an Olympus BH-2 microscope.
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3.2.7 Fixation and Processing of Material for Electron Microscopy 
Cells grown in tissue culture flasks were processed in 
situ, all solutions were poured directly into the flask including 
the embedding resin. Steps involving propylene oxide were omitted 
for plastic culture flasks. Tissue pieces (i.e. rat tongue) and 
cells grown on collagen were cut into strips a few millimetres 
wide and processed in glass vials before embedding in flat 
embedding capsules ready for sectioning. Apart from these 
differences all material was fixed and processed in the same way.
Reagents
1. Cacodylate Buffer (0.1M)
Dissolve 2.14g of sodium cacodylate ( (CH3 )gASOgNa.3HgO) in 
800ml distilled water, adjust to pH 7.4 with dilute HNO3 , make 
up volume to 1 litre.
2. Osmic Acid Stock 4% in water
3. Buffered Glutaraldehyde
4% glutaraldehyde in O.IM cacodylate buffer (solution 1).
4. Buffered Osmic Acid 2%
Dilute solution 2 with cacodylate buffer.
5. Absolute Ethanol
6 . Propylene Oxide
7. Epon 812 Resin (TAAB laboratories, Berkshire, England)
Resin was made up as in the manufacturers instructions and 
stored in disposable syringes at -20°C.
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Method
Cells and tissue pieces were rinsed in PBS'A' and fixed 
in buffered glutaraldehyde for 4-6 hours, then washed in 
cacodylate buffer overnight. They were counterfixed in 2% 
buffered osmic acid for 2  hours using approximately 1 ml per 
flask, and dehydrated using serial concentrations of alcohol 
(25%, 50%, 75%, 90%, absolute ethanol) then 50% propylene oxide 
in absolute alcohol and finally pure propylene oxide, using two 
changes of each solution for 1 0  minutes each.
Tissue blocks and cells were then covered in 2ml of 50% 
propylene oxide in Epon 812 resin for 20 minutes. For flasks, the 
mixture was poured off and the flasks left upside down for 2 0  
minutes before adding 5ml of Epon resin. For tissue pieces and 
cells on collagen, flat embedding capsules were filled with resin 
and the tissue transferred to the resin-filled capsule, ensuring 
that the tissue was fully submerged in resin. Flasks and capsules 
were then left in an oven at 60°C for 48 hours to polymerise the 
resin.
Flasks were mounted in a vice and the upper half removed 
using a hacksaw. The embedded samples were taken to the Electron 
Microscopy Unit at Surrey University for further processing. The 
plastic was snapped off the flasks and ultrathin (70-90nm) 
sections were cut from the resin blocks using a LKB ultratome 
III. These were counterstained with lead citrate and uranyl 
acetate before mounting onto grids.
Sections were viewed and photographed using a Joel 10OB 
transmission electron microscope run at 80kV. The negatives were 
developed, fixed and printed at the EM Unit.
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3.3 Prolinase Activity and Proline Incorporation
3.3.1 Protein Estimation
а. Lowrv Method (Adaptation)
The method used was an adaptation of the original method of 
Lowry et al (1951).
Reagents
1. 0.5M NaOH
2 . 2 % NagCOg (aq)
3. 2% Na K Tartrate (aq)
4. 1% CuS0^.5Hg0
5. Lowry's Reagent
To 100ml of solution 2 add 1ml each of solutions 3 and 4. 
Prepare immediately before use.
б . Folin-Ciocalteu Reagent
Dilute Folin-Ciocalteu reagent 1/3 with distilled water.
7. Bovine serum albumin standards, 25 to 1000]ig/ml in 0.5M NaOH 
stored frozen in aliquots at -20°C.
Method
Samples were diluted as required in 0.5M NaOH (flasks 
cultured for up to 1 5 days were diluted 1/10, flasks cultured for 
longer periods were diluted 1/20). 2.5ml of Lowry's reagent was 
added to 0.5ml of each sample or standard and mixed immediately. 
The mixture was left to stand for 10 minutes before adding 0.25ml 
of the diluted Folin-Ciocalteu reagent and mixing thoroughly. The
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samples were left to stand for 30 minutes to develop colour and 
the absorbance was measured at 720nm using a Lambda 5 UV/Vis 
spectrophotometer (Perkin-Elmer, Beaconsfield, Bucks.). The 
protein concentration was read from a standard curve of 
absorbance against BSA concentration.
b. Bio-Rad Method 
Reagents
1. Bio-Rad reagent concentrate, shelf life 1 year at 4°C.
A working solution was prepared immediately before use by 
diluting one volume of dye with four volumes of distilled 
water and filtering through Whatman No.1 paper.
2. Bovine serum albumin standards, 25-1 OOOvig/ml in 0.5M NaOH 
stored frozen in aliquots at -20°C.
Method
2.5ml of the diluted dye reagent was added to 50]il of the 
standards and samples and mixed thoroughly. Between 5 minutes and 
one hour after mixing, the absorbance was measured at 595nm 
against a sample blank (50^1 distilled water and diluted 
reagent). The protein concentration was determined from a 
standard curve of absorbance against BSA concentration.
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3.3.2 DNA Estimation
DNA concentration was determined according to the method 
of Burton (1956).
Reagents
1. 6 % Trichloroacetic acid, ice cold.
2. 0.5M Perchloric acid.
3. Burton's Reagent
Mix 1.5g diphenylamine, 100ml glacial acetic acid and 1.5ml 
concentrated sulphuric acid. Store in the dark at room 
temperature.
4. 2% Acetaldehyde (aq)
5. Standards
Dissolve calf thymus DNA in 0.5M perchloric acid to give a
0.1mg/ml solution. Hydrolyse for 10 minutes in a water bath 
at 90°C. Dilute to give a range of standards between 25 and 
1 OOpg/ml.
Method
Cell homogenates were prepared by sonication and 
precipitated by adding an equal volume of TCA. The precipitate 
was pelleted by centrifugation at 2 0 0 0 g and resuspended in 2 ml 
PCA. The suspension was hydrolysed by heating for 10 minutes in 
a water bath at 90°C, and the supernatant retained. The process 
was repeated with a further 2ml of PCA and the supernatants 
combined. Samples could be stored frozen at this stage at -20°C.
1 ml aliquots of samples and standards were set up in glass 
screw top tubes. Immediately before use 0.1ml of acetaldehyde was 
added to every 20ml of Burton's reagent. 2ml of this mixture was
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added to the samples, the tubes were sealed, mixed and incubated 
at 30°C for 18-48 hours. At the end of this time the absorbance 
of the samples was read in glass cuvettes at 600nm using a Lambda 
5 spectrophotometer. The DNA concentration was determined from 
a standard curve using calf thymus DNA standards.
3.3.3 Incorporation of Radiolabelled Proline
Reagents
1. Universally labelled ^C-Proline
A stock solution of 50)iCi/ml of U-^^C-Proline (from Amersham 
International Ltd) was diluted 1/5 to 10]iCi/ml with distilled 
water.
2. Picofluor-30 scintillant 
Method
10^1 of 10]iCi/ml U-^^C-Proline was mixed per ml of serum- 
free medium, to give a final concentration of 100 nCi/ml. Flasks 
were incubated with 4ml of this medium for one hour at 30°C, then 
rinsed with PBS'A' several times to remove unbound radioactivity.
The cells were trypsinised, counted and homogenised by 
sonication in 5ml of PBS'A' as previously described. A 2.5ml 
aliquot was mixed with an equal volume of 6 % TCA and the 
resultant precipitate was hydrolysed twice with 0.5M PCA for 10 
minutes at 90°C. The supernatant was sampled for radioactivity 
(200]^ 1 was mixed with 4.5ml of Picofluor) and counted in a 
scintillation spectrometer (LKB 1219 Rackbeta). If the counts 
exceeded 1 0 0  dpm, the precipitate was washed twice more with
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water. Otherwise the pellet was washed twice with ethanol, 
resuspended in 2ml of 0.5M NaOH and left to digest overnight at 
37°C. The following day, 200^1 samples were mixed with 4.5ml 
Picofluor and counted for 10 minutes using a scintillation 
counter. The digest was also assayed for protein.
Calculation
The amount of radiolabelled proline incorporated into 
protein was calculated using the following formula:
_______dpm in aliquot____________ = nmol ^C-proline/mg protein
2.22 X 10^  X S X 10^  X mg protein
This was derived using the following information:
1. One ]iCi of radioactivity is equivalent to 2.22 x 10^  dpm, 
therefore dividing the dpm counts by this figure will give 
the number of liCi present in the 2 0 0 pl aliquot.
2. S is the specific activity of ^^C-proline. In this series of 
experiments the same batch was used throughout, and this had 
a specific activity of 285 ^Ci/pmole, so dividing by this 
figure will give lomoles of proline in the aliquot. Dividing 
by a further factor of 1 0  ^will give the figure in nmoles of 
proline.
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3. Finally, dividing by the amount of protein present in the 
aliquot in mg gives the amount of proline incorporated as nmol 
^C-proline/mg protein.
3.3.4 Assav of ^*C-proline labelled collagen
The method used was essentially that of Peterkofsky and 
Diegelmann (1971), which relies on the cleavage of radiolabelled 
collagen into acid-soluble peptides by collagenase.
Reagents
1. 6 % TCA
2. Absolute ethanol
3. O.IM NaOH
4. 0.08M HCl
5. Collagenase Digestion Mixture 
In a total volume of 0.1ml:
60 pmoles HEPES buffer pH 7.2 
1.25 pmoles N-ethylmaleimide 
0.25 pmoles CaCLg
24 vig bacterial collagenase (Sigma type VII 95% pure)
6 . 10% TCA containing 0.5% tannic acid
7. 5% TCA containing 0.25% tannic acid
8 . Optiphase scintillant
Method
Cells in flasks were homogenised by sonication in PBS'A* 
as previously described, using 5ml per flask. 2.5ml of this
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homogenate was mixed with an equal volume of ice-cold 6 % TCA and 
centrifuged at 2000g for 10 minutes at 4°C to precipitate the 
proteins. The supernatant was discarded and the pellet washed 
with a further 2.5ml TCA to remove the unincorporated radiolabel. 
The pellet was then washed twice with absolute alcohol to remove 
water. The alcohol was evaporated off and the pellet solubilised 
in 2ml 0.1M NaOH overnight in an incubator at 37°C. This solution 
was sampled for protein assay and scintillation counting (0 . 2  ml 
was mixed with 4.5ml of Optiphase) to give incorporation of 
radiolabelled proline into total protein.
A 0.2ml sample of this protein solution was then 
neutralised with an equal volume of 0.08M HCl and digested with
0.1ml of the collagenase solution. N-ethylmaleimide was included 
in the mixture to inhibit the activity of proteases which may be 
present as impurities in the collagenase preparation. The samples 
were incubated for 90 minutes in a shaking water bath at 37°C, 
and a collagenase free control was included for each sample. The 
reaction was stopped by adding 0.5ml of ice-cold 10% TCA 
containing 0.5% tannic acid to precipitate protein. The tubes 
were centrifuged at 2 0 0 0 g for 1 0  minutes and the supernatants 
transferred to a separate tube. The pellet was resuspended in
0.5ml 5% TCA containing 0.25% tannic acid, recentrifuged and the 
supernatant combined with the previous one. 1 ml of the combined 
supernatants was mixed with 4ml of Optiphase and counted to give 
incorporation into collagenous peptides.
The pelleted protein, which is non-collagen, was 
resuspended in 0.5ml distilled water and transferred to a 
counting vial. The tubes were rinsed with a further 0.5ml of
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distilled water and the combined suspension was mixed with 4ml 
of Optiphase to form a gel before counting in a liquid 
scintillation spectrometer.
Counting efficiency was greater than 80% for ^^ C, samples 
were counted for 1 0  minutes each and unlabelled tubes were 
included for sampling background radiation.
3.3.5 Prolinase Activity
Prolinase (EC 3.4.13.8) is a strict dipeptidase which has 
a high specificity for hydrolysing dipeptides with a free NH- 
terminal prolyl or hydroxyprolyl residue (i.e. Pro-X, or Hyp-X). 
Such dipeptides are liberated during collagen degradation, and 
are poor substrates for other peptidases.
The method used to assay prolinase activity was 
essentially that of Butterworth and Priestman (1982). It relies 
on the detection of the liberated amino acid from the action of 
prolinase, by conversion to a fluorescent derivative on reaction 
with 0 -phthaldialdehyde.
Reagents
1. 50mM Na-Barbitone HCl buffer pH 7.4, freshly prepared, 
containing 4mM MnClg.
2. 30mM prolyl-valine (aq).
3. Ice-cold PCA (7.2 g/L).
4. Assay reagent:
94ml of 150mM NagCO^ / NaHCOg buffer, pH 9.5 
3.0ml 0-phthaldialdehyde (12 mg/ml in methanol)
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3.0ml 2-mercaptoethanol (0.6% in ethanol)
The above reagents were freshly prepared and mixed in a glass 
bottle.
5. D-L-Valine standards 0-100 pg/ml in water.
Method
Cells in flasks were trypsinised and homogenised by 
sonication as previously described. The homogenate was 
centrifuged at lOOOg for 10 minutes to remove cellular debris, 
and SOpl of the supernatant was sampled.
This was mixed with 50]il of Na-Barbitone buffer containing 
MnClg and lOOpl of prolyl-valine. The mixture was incubated in 
sealed tubes in a shaking water bath at 37°C for 60 minutes. The 
reaction was terminated by adding 200]il of ice-cold PCA to 
precipitate protein and centrifuged at 2 0 0 0 g for 1 0  minutes.
The supernatant was sampled, 1SOpl was mixed with 2.55ml 
of assay reagent, left 1 to 1.5 minutes for the fluorescence to 
develop and then read using a fluorimeter (Perkin-Elmer LS-5 
Fluorimeter), with excitation at 365nm, emission at 455nm and 
both slit widths at 2 .5nm.
Standards and controls (substrate and homogenate blanks) 
were also assayed in the same way for each run. The amount of 
prolyl-valine metabolised, i.e. the amount of free valine, was 
calculated from a standard curve using D-L-valine standards. This 
was related to the amount of protein present in the same volume 
of homogenate, assayed using the Bio-Rad method.
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3.4 Cytotoxicity Testing
3.4.1 Cytotoxicity Testing in Multiwell Plates
RTE cells were trypsinised from confluent flasks, counted 
and assessed for viability before diluting in culture medium and 
plating in multiwell culture plates at the appropriate density. 
Cells were left overnight to attach and then treated with the 
test compound dissolved in culture medium.
Two treatment schedules were employed, either 4 hours, 
after which acid phosphatase activity was assayed, or 3 days 
after which Neutral Red uptake and Kenacid Blue staining were 
measured. For each schedule, cells were plated such that cells 
in control wells were around 90% confluent, i.e. not stratifying 
at the end of the treatment period when the relevant endpoint was 
measured. For RTE cells seeded in 24-well culture plates, this 
translated to a plating density of 2 x 10^/ml for 4 hours dosing 
and 1 X 10^/ml for 3 days dosing, using 1ml of the cell 
suspension per well.
3.4.2 Preparation of test solutions
Stock solutions of test compounds were prepared on the day 
of treament in distilled water for surfactants, or an,appropriate 
solvent for other compounds which were water insoluble, at 1 0 0  
times the desired final concentration. The solutions were filter 
sterilised before use then diluted in culture medium (serum-free 
culture medium was used in some cases) such that the final 
concentration of solvent was kept constant at 1 %.
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3.4.3 Acid Phosphatase Activity
The method used was that of Niggli and Rothlisberger 
(1986). This is based on the cleavage of p-nitrophenyl phosphate, 
which is colourless, to yield p-nitrophenol, a yellow product, 
by the action of cytosolic and lysosomal acid phosphatases.
Reagents
1. 50mM Citrate Buffer pH 4.8
Mix 40ml of 50mM citric acid with 60ml of trisodium citrate 
dihydrate.
2. Substrate:
5.5mM p-nitrophenyl phosphate (pnpp) in citrate buffer, 
freshly prepared.
3. p-nitrophenol (pnp) standards, lO-IOOyM in citrate buffer, 
stored frozen at -20°C.
4. 0.1M NaOH.
Method
The substrate solution was prepared and warmed to 30°C. 
The treated plates were rinsed with PBS'A' and 1ml of substrate 
was added per well of a 24-well plate. The plates were incubated 
at 30°C for 30 minutes, however the rate of reaction was linear 
with time for at least 90 minutes.
After incubation, 0.5ml of the substrate was transferred 
from each well into a tube containing 1ml of O.IM NaOH and the 
absorbance measured at 400nm. Substrate and cell blanks were 
included in the assay, and a standard curve was constructed using
0.5ml of pnp standards mixed with 1ml O.IM NaOH. The amount of
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pnp produced was either read from the standard curve or 
calculated from the absorbance using the coefficient of 
extinction for pnp of 18.5.
The remaining substrate was removed from the multiwells, 
the cells were rinsed with PBS'A' and then digested with 1ml 1M 
NaOH at 37°C overnight. Protein content was determined using the 
Bio-Rad method.
3.4.4 Neutral Red Uptake
The method used was that of Borenfreund and Puerner 
(1985). Neutral Red enters the cell by non-ionic diffusion and 
accumulates in the lysosomes of living cells. The proportion of 
dye taken up by the cells is therefore a measure of overall 
viability as well as cell number (Nemes et al, 1979).
A 4% stock solution of neutral red was made up in 
distilled water. This was filter sterilised (using Gelman 
Acrodiscs, pore size 0.22]im) prior to addition to complete 
culture medium to give a final concentration of 50pg/ml (i.e. 
125pl of 4% stock solution was added to 100ml EMEM).
Cells in 24-well plates were treated with the test 
compound for 3 days, washed with PBS'A' and incubated with medium 
containing neutral red for 3 hours at 30°C. After incubation, 
the wells were rinsed with PBS'A' to remove unincorporated dye. 
Cells were destained using 1ml per well of 1% acetic acid in 50% 
ethanol for 20 minutes with mixing (Luckhams Rocker). The 
absorbance was measured at 540nm using a microelisa minireader 
(MR590, Dynatech Labs., Virginia, USA), and the results expressed 
as percentage of untreated controls.
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3.4.5 Kenacid Blue Staining
The method used was that of Knox et al (1986). The assay 
was performed on the same cells used for assay of neutral red 
uptake. The destaining procedure for neutral red was sufficient 
to fix the cells so the kenacid blue assay could be performed 
sequentially without any additional steps.
Reagents
1 . Kenacid Blue Stain
This was prepared immediately before use. 12ml glacial acetic 
acid was added to 8 8 ml of a stock solution of Kenacid 
Blue (BDH) (0.4g dissolved in 250ml ethanol and 630ml 
distilled water), and filtered through Whatman No.1 paper.
2. Destain
10% ethanol, 5% glacial acetic acid and 85% water, by volume.
3. Desorb
1M potassium acetate in 70% ethanol.
Method
The neutral red solution was removed after destaining, and 
the cells rinsed with PBS'A* . 1ml of Kenacid Blue stain was added 
to each well and the plates mixed for 30 minutes. The stain was 
then removed and the plates washed several times with destain to 
remove unbound stain by agitating the plates in each wash for 5 
minutes until the washes no longer contained any blue colour. The 
final destain wash was removed and 1 .0 ml of desorb solution was 
added. The plates were agitated for a further 30 minutes and the 
absorbance of the released colour was measured at 570nm using a
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microelisa minireader.
Included in each run was a control where culture medium 
was incubated in a blank well for the dosing period and the well 
subsequently stained in the normal way. The absorbance of this 
blank was subtracted from the other readings and the results were 
expressed as percentage of untreated controls.
3.5 Testing for Unscheduled DNA Synthesis in RTE Cells
RTE cells were used as a model for measuring UDS using an 
adaptation of the method of Williams (1976) for hepatocytes.
RTE cells were seeded in 24-well plates containing 
Thermanox plastic coverslips at 2 x 10^  cells per well in order 
that cells should be around 90% confluent but not stratified the 
following day. The cells were left to attach overnight and then 
treated with the test solutions the next day.
The test compounds were initially dissolved in DMSO then 
diluted 1 0 0 -fold in serum-free culture medium such that the 
solvent concentration was kept constant at 1%. Radiolabelled 
thymidine (lOpCi/ml of [^H-methyl]-thymidine) was also included 
in the test solutions. The cell cultures were treated with 1 ml 
of the test compound per well in triplicate for 24 hours.
After treatment, the cells were rinsed in serum-free 
medium and washed twice with serum-free medium containing 0.25mM 
unlabelled thymidine to remove unincorporated radioactivity. The 
cells were then fixed and processed for autoradiography.
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3.5.1 Fixation and autoradiography of cells for UDS
Reagents
1. 1 % Sodium Citrate
2. Ethanol-Acetic acid (3:1 mixture)
3. Ilford K2 Emulsion
Emulsion was prepared immediately before use. Opened bottles 
of emulsion were stored for up to 4 weeks at 4°C.
1 2 ml of distilled water and 0 .5ml of glycerol were placed in 
a 100ml measuring cylinder cut off at 30ml and brought to 
43°C in a water bath. In the darkroom, 20ml Ilford K2 emulsion 
was measured into another 30ml cylinder and warmed in the same 
water bath for 10 minutes. The emulsion was stirred with a 
clean glass slide occasionally until it was melted, then 
poured into the water/glycerol mixture up to the 25ml mark 
and again stirred.
4. Kodak D19 Developer
1 6 g of Kodak D1 9 developer was dissolved in 175ml of distilled 
water at 40°C, cooled and the volume adjusted to 200ml. The 
developer was prepared on the day of use. Solid developer was 
stored at room temperature in the dark for 6  months after 
opening.
5. Ilford Hypam Fixer
50ml of Hypam fixer was diluted with 200ml of distilled water 
on the day of use. Stock solutions were stored at room 
temperature in the dark for up to 6  months.
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Method
a. Fixation of cells
Cells were washed three times with PBS'A' and treated with 
1ml of 1% sodium citrate for 10 minutes to swell the nuclei. The 
cultures were fixed with three changes of ethanol-acetic acid for 
1 0  minutes each, then washed with four changes of distilled 
water. The coverslips were air dried in the wells then mounted 
in triplicate with the cell surface uppermost at one end of glass 
slides using DPX, and left overnight to set.
b. Autoradioaraphv
The following day, the emulsion was prepared in the 
darkroom, as described above, and maintained at 43°C in a water 
bath. Each slide was dipped into the emulsion then withdrawn 
slowly and steadily to produce an even coating. The slides were 
held for a few seconds to drain vertically, then hung by clothes 
pegs attached to a retort stand, to dry for 2-3 hours. The dry 
slides were placed in racks in exposure boxes with anhydrous 
silica gel, sealed and stored at 4°C for 12-14 days.
The slides were then developed under a safelight in racks 
for 5 minutes in Kodak D19 developer at 19-21°C, washed in 
distilled water for a minute then fixed in Ilford Hypam fixer for 
5 minutes before washing in running tap water for 10 minutes.
Lastly, the slides were stained with haematoxylin and 
eosin as previously described.
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c. Scoring
Slides were analysed with a Leitz microscope attached to 
a Biotran III image analyser interfaced with an Amstrad PCI 512. 
Only cells viable at the time of fixation and with nuclei evenly 
coated with emulsion were scored. S-phase cells having dense 
nuclear grain counts were excluded. The nuclear grains and grains 
from an equivalent area of cytoplasm with the highest apparent 
number of grains were counted on each of 50 randomly selected 
cells per coverslip. The results were quantified by determining 
the production of net nuclear grains. Cells in repair were 
defined as having 5 or more net nuclear grains.
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4.1 Morphology of human skin, rat tongue and RTE cells
Introduction
The RTE cell line has been proposed as a model for skin 
toxicity testing. Since the aim is ultimately to extrapolate the 
results obtained in yitro to man, it is important to examine the 
structure of human skin, which is composed of stratified squamous 
epithelium. The following light micrographs of human skin were 
taken from breast tissue which had been remoyed as biopsy 
material from patients with suspected carcinoma. Areas of 
morphologically normal tissue were dissected out, processed and 
stained as described in the methods section.
The RTE cell line is a differentiating stratifying 
keratinocyte line deriyed from explant cultures of rat tongue. 
The cells are deriyed from outgrowths of basal cells from the 
stratified squamous epithelium by which the tongue is coyered. 
It is important to appreciate the normal architecture of the 
parent tissue and to see how these cells differentiate in their 
natural enyironment, since this may represent the maximal degree 
of differentiation that is possible in culture, and therefore the 
morphology of rat tongue epithelium was inyestigated.
RTE cells were cultured in a yariety of ways as both 
monolayers and stratified cultures grown on plastic, on submerged 
floating collagen gels and on gels raised up to the air/culture 
medium interface. These cultures were compared using both light 
and electron microscopy with the parent tissue, i.e. rat tongue, 
and with human skin to see how closely they resemble the tissue 
for which they are a model
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4.1.1 Morphology of Human Skin
The following plates proyide a histological impression of 
normal human skin as a reference against which to compare the 
histology of rat tongue and RTE cells grown in yarious ways. An 
account of skin structure is giyen in the introduction to this 
thesis (section 1 .1 ).
Plate 1 shows a section of full thickness skin from breast 
tissue, which is composed of two layers. The thinner outer layer 
(epidermis) stains darkly with haematoxylin and eosin due to the 
high density of cells present here, and has a thickness of 
approximately 0 .1 mm.
The thicker inner layer (dermis) consists mainly of pink 
staining connectiye tissue and is composed primarily of collagen 
and elastin fibres in a matrix of mucopolysaccharides, the ground 
substance. In breast tissue this has a thickness of approximately 
1.0-1.5mm. The interface between the two layers is characterised 
by dermoepidermal ridges ("rete pegs").
The dermis is heterogeneous, and can be roughly diyided 
into three anatomical regions, the papillary and reticular dermis 
and the hypodermis (plate 1). Papillary dermis is the thinner 
outermost portion that is moulded against the folds of the 
oyerlying epidermal ridges. The papillary dermis contains smaller 
and more loosely distributed elastic and collagen fibres than 
reticular dermis, and has a greater proportion of interfibrillar 
gel and connectiye tissue cells, in addition to enclosing the 
microcirculatory blood and lymphatic plexuses. In contrast, the 
reticular dermis is relatiyely ayascular and acellular, with
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denser collagen and elastin fibres and a smaller proportion of 
interfibrillar gel. Beneath the skin is the subcutaneous 
tissue, or hypodermis, which is composed of loose areolar 
connective tissue or fatty connective tissue.
The epidermis consists of layers of tightly bound 
kératinocytes which can be divided into four types (plate 2 ) 
using light microscopy. The deepest layer is the stratum basale, 
which consists of a single row of columnar basal cells. These 
differentiate to form the stratum spinosum, which is composed of 
several layers of polyhedral spinous cells, that become flatter 
as they approach the surface. The spinous cells appear to be 
connected to each other by numerous intercellular bridges. Above 
this is the stratum granulosum which consists of larger but 
flatter cells containing granular material (keratohyalin) in 
their cytoplasm. The nuclei of these cells can be seen at various 
stages of disintegration as they approach the skin surface, 
resulting in the death of the cell. The outermost layer is the 
stratum corneum, which is made up of tightly packed, flat, 
amorphous, dead cells filled with keratin.
There is a great deal of variation in the number of cells 
present in each layer in tissue taken from different individuals. 
This can be seen on comparing plates 2 and 3, which are sections 
of breast tissue taken from different patients.
Scattered amongst the basal kératinocytes are cells which 
have a very pale cytoplasm and darkly staining round nuclei 
(plate 3) . These cells can be further identified on staining with 
DOPA as melanocytes.
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Plate 1 (x 52)
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Much more information can be obtained using the electron 
microscope. Plates 4 and 5 show the papillary dermis, including 
part of a fibroblast, and the basal layer.
Basal kératinocytes are seen as low columnar or cuboidal 
epithelial cells containing distinctive intermediate (7-8 nm) 
cytoplasmic filaments, organelles of synthesis such as 
mitochondria and endoplasmic reticulum, as well as markers of 
cell replication such as prominent nucleoli. The filaments are 
precursors of the keratin bundles found in higher cell layers. 
The kératinocytes are attached to each other by highly developed 
darkly staining desmosomes. At the basal surface, hemidesmosomes 
are present and serve to attach the cells to a basal lamina, 
which is derived from epidermal synthetic activity and is a 
lucent layer of 2 0  nm thickness.
Plate 5 shows a melanocyte in the basal layer, which has 
a large round nucleus and a very pale staining cytoplasm. 
Melanocytes, in common with Langerhans cells and Merkel cells, 
do not form desmosomes with surrounding kératinocytes.
Langerhans cells are occasionally seen in the lower 
spinous layers of epidermis (plates 6  and 7) . These are dendritic 
antigen-presenting cells which are distinguished by the presence 
of characteristic trilaminar intracellular organelles called 
Birbeck granules. In plate 7, these can be seen as straight rod­
shaped structures.
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Human Skin
Plate 4
Plate 5
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Human skin showing a fibroblast (F) in papillary 
dermis (P) , and basal layer (B) kératinocytes forming 
desmosomes (D) and hemidesmosomes (H) with a basal 
lamina, (x 2800)
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Human skin showing a melanocyte (M) in the basal 
layer of the epidermis, (x 3600)
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Plate 6  Human skin showing Langerhans cell (L) in spinous
layer (S) . Granular layer cells (G) are also visible, 
(x 2800)
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Plate 7 Higher magnification of Langerhans cell (L) showing
Birbeck granules (B). (x 4600)
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Above the basal layer are polyhedral spinous cells (plate 
8 ) , containing more pronounced bundles of tonofibrils. The 
junctions between the cells are highly convoluted and composed 
of interlocking cellular processes with spaces in between. The 
cells are attached via numerous darkly staining desmosomes, which 
give the cells a spiny appearance. Upper layers of spinous cells 
appear more flattened as the transition to the stratum granulosum 
occurs.
The granular layer is so called due to the presence of 
dense amorphous material called keratohyalin (plate 9). At the 
level of the granular layer and above to the stratum corneum, the 
cellular organelles begin to disintegrate, including the nucleus, 
and little intracellular structure can be defined. The cells are 
filled with keratohyalin which encloses the keratin bundles, and 
the plasma membrane appears thickened due to the formation of a 
cell envelope beneath it. Both these events contribute to the 
tensile strength of the stratum corneum and to its chemical and 
mechanical resistance.
The appendages found in human breast skin are hair 
follicles, sebaceous glands, arrectores pilorum muscle and 
eccrine sweat glands, and all these are located in the dermis.
Hair follicles are found deep in the dermis (plates 10 
and 11). The germinative centre of the hair is the matrix which 
has a bulblike structure composed of epithelial cells enclosing 
a highly vascularised connective tissue papilla. Cells derived 
from the matrix give rise to the various layers forming the hair 
root. The transition into keratin occurs in the external root 
sheath and growing hair eventually protrudes from the epidermis.
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Human Skin
Plate 9
awiti
Plate 8 Human skin. Full thickness of epidermis showing basal 
(b), spinous (s) and granular (g) kératinocytes and 
stratum corneum (sc). Papillary dermis (p) is also 
visible, (x 3600)
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Human skin. Upper epidermis showing spinous cells 
(s), granular cells (g) containing keratohyalin 
granules (k) and stratum corneum (sc). (x 3600)
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The mass of hair consists of closely attached, fully keratinised 
fusiform cells arranged in a cohesive fibre, the cortex.
The hair follicle is surrounded by a sheath of cells which 
is a direct analogue of and continuous with the overlying 
epidermis, although some of the more external layers are absent. 
Between the follicle and the outer root sheath is a connective 
tissue layer which is attached to the papillary layer of the 
dermis by a band of smooth muscle fibres known as the arrector 
pili muscle (plate 12). This serves to move the hair into a more 
vertical position.
The sebaceous glands are usually found attached to the 
upper third of the hair follicle, the entire structure being the 
pilosebaceous unit. They are located in the reticular dermis, 
where they synthesise and secrete lipids (sebum) via ducts into 
the pilary canal, which subsequently find their way to the 
surface of the skin (plates 13 and 14).
The most prominent appendage in human skin in terms of 
sheer number is the eccrine sweat gland. These are simple coiled 
tubular glands arising from deep within the dermis or 
subcutaneous tissues. Sweat glands can be seen in cross section 
in plates 1 , 1 0 , 13 and 15.
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4.1.2 Morphology Of Rat Tongue
The tongue is composed chiefly of striated muscle. The 
muscle fibres are grouped in bundles which interlace and lie in 
three planes. Hence when the tongue is sectioned, both 
longitudinal and horizontal fibres are seen in cross section 
(plates 16 and 17). Such an intricate arrangement of striated 
muscle fibres is unique to the tongue and enables highly varied 
and delicate voluntary movements to be made.
The surface of the tongue is entirely covered by a mucous 
membrane, a lining of epithelium which is kept moist due to the 
secretions of the salivary glands. This mucosa is composed of 
stratified squamous epithelium.
Below this mucous membrane is a layer of dense connective 
tissue, the lamina propria. This is largely composed of 
collagenous connective tissue bundles and associated fibroblasts. 
Elastic fibres, lymphatics, blood vessels, sensory receptors and 
nerve fibres are also present. There is no true submucosa in the 
rat tongue and the lamina propria connects directly with the 
fibroelastic tissue associated with the lingual muscle fibres.
In man, the dorsal surface of the tongue is keratinised 
and closely resembles the epidermis even at the ultrastructural 
level (Weiss and Creep, 1977). It has a basal layer, spinous 
layer, granular layer and cornified layer. In contrast the mucous 
membrane covering the lower surface of the human tongue is 
composed of nonkeratinising stratified squamous epithelium, and 
lacks a stratum granulosum and a stratum corneum.
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Above the basal and spinous layers is a desquamating layer of 
flattened, nucleated cells (stratum disjunctum) which are held 
together loosely and easily scraped off.
In the rat the entire surface is keratinised, and although 
the various surfaces are composed of the same four types of 
kératinocytes, i.e. basal, spinous, granular and cornified, the 
arrangement of these layers is different in the dorsal and 
ventral surfaces, and also at the sides of the tongue.
The mucous membrane covering the upper surface of the 
tongue forms projections, called lingual papillae. These are most 
pronounced at the tip of the tongue, especially when sectioned 
at an angle (plate 18). Filiform papillae are relatively high, 
narrow, conical structures composed of both lamina propria and 
epithelium, whereas fungiform papillae are narrower at their base 
with expanded smooth rounded tops and are less numerous than the 
filiform type. Both types can be seen in plate 19.
Taste buds are oval groups of elongated epithelial cells 
extending from the basal lamina towards the taste pore, which is 
a small opening in the surrounding epithelium. Plate 19 shows a 
taste bud on the surface of a fungiform papilla. Taste buds are 
found all over the tongue, but they are most numerous along the. 
sides of the grooves surrounding the papillae.
Plates 20 and 21 show a vertical section through the 
dorsal surface of rat tongue. The basal layer is 1-2 cell layers 
in thickness and is composed of cuboidal cells with darkly 
staining nuclei. These project into the underlying tissue to form 
rete ridges much like those of skin epidermis. Above this is a 
spinous layer, which is 3-5 cell layers thick and consists of
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Plate 18 L.S. Tip of tongue showing lingual papillae (P) and 
lamina propria (LP). (x 130)
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Plate 1 9 T.S. Middle dorsal surface showing filiform papillae 
(Fi), fungiform papillae (Fu) and taste bud (T) .
(x 260)
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Rat Tongue
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T.S. Middle dorsal surface of rat tongue showing 
"rete ridges" (R) and lingual papillae (P). (x 130)
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Plate 21 Higher magnification of plate 20 showing basal (B), 
spinous (S) , granular (G) and cornified (C) 
kératinocytes, (x 520)
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polyhedral cells with oval, paler staining nuclei. The cytoplasm 
forms thin, pointed "spine-like" processes. The more superficial 
cells of this layer tend to flatten as they merge with the 
granular layer. This layer is 6 - 8  cells in thickness and consists 
of flattened overlapping cells. The nuclei are either absent or 
visible only as dark-staining fragments, and the cytoplasm 
contains keratohyalin, giving the cells a granular appearance. 
Above the granular layer is the stratum corneum, or cornified 
layer, composed of overlapping fully keratinised cells. This is 
more than 1 0  cell layers in thickness, although individual cells 
cannot be distinguished. Nuclear material is completely absent 
and the layer is uniformly eosinophilic. The whole epithelium is 
thrown into folds which follow the rete ridges of the basal cell 
layer and the lingual papillae at the tongue surface.
The underside of the tongue is smooth and does not form 
papillae (plates 22 and 23). Apart from this, the two surfaces 
are very similar. The basal layer of the ventral surface forms 
rete ridges which are more numerous, thinner and project further 
into the underlying lamina propria than in the dorsal surface 
(compare with plates 2 0  and 2 1 ).
Spinous, granular and cornified layers are all present to 
the same degree and in the same proportions as in the dorsal 
surface. The major difference is that the ventral epithelium is 
smooth from the upper spinous layer outwards, whereas the entire 
dorsal epithelium appears in folds.
In contrast, the epithelium covering the sides of the 
tongue looks very different from that covering the dorsal and 
ventral surfaces (see plates 24 and 25). The sharp rete ridges
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Plate 22 T.S. Middle sublingual surface of rat tongue showing 
rete ridges (R). Note absence of lingual papillae, 
(x 130)
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Plate 24 T.S. Sides of rat tongue. Rete ridges are less 
pronounced and lingual papillae are absent, (x 130)
PLate 25
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Higher magnification of plate 24 showing basal (B), 
spinous (S) , granular (G) and cornified (C) 
kératinocytes. Melanocytes are present in the basal 
layer (M) and dividing cells can also be seen here 
(D) . (x 520)
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of the basal cell layer are almost absent, being replaced by a 
more gently undulating basal layer. A spinous, granular and 
cornified layer are all present, again to the same extent and in 
the same proportions as in the dorsal and ventral surfaces, but 
the cells in all the layers seem to be arranged more flatly.
The basal layer is the actively dividing cell layer. Plate 
25 shows cells in the basal layer at various stages of division. 
Also present in the basal cell layer are melanocytes. These have 
round nuclei and the cytoplasm stains very faintly. In humans, 
melanocytes are present in the skin of albinos whether 
pigmentation is clinically detectable or not (Fitzpatrick et al, 
1971). This is noteworthy when considering the fact that these 
sections of tongue were taken from albino rats.
Therefore in summary, a vertical cross section of rat 
tongue taken from any surface is composed of a keratinising 
stratified squamous epithelium consisting of basal, spinous, 
granular and cornified cells, and an underlying lamina propria, 
present in fixed proportions which are identical regardless ofthe 
site of the section. The only variables being the presence and 
extent of formation of rete ridges at the basal cell layer and 
the formation of lingual papillae on the dorsal surface.
Using electron microscopy, the sublingual surface has been 
examined in more detail. Plate 26 shows the papillary dermis, 
which consists primarily of fibroblasts in a matrix of connective 
tissue, the major component being collagen bundles, which have 
been sectioned in various planes. Plate 27 demonstrates the basal 
layer, composed of cuboidal darkly staining cells with prominent
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nucleoli, and deep nuclear pores. Cells of the spinous layer 
(plate 28) are polyhedral and are outlined by their desmosomes. 
Above these, the granular cells contain keratohyalin granules, 
and little organellar structure can be defined (plate 29). Upper 
granular layer cells have a thickened plasma membrane, as they 
differentiate further to form the stratum corneum. Unfortunately, 
much of the stratum corneum has been lost during the processing 
of these sections for electron microscopy, and in vivo, this 
layer is usually much thicker (compare with H & E plates).
Morphologically, this stratified squamous epithelium is 
remarkably similar to that found in human skin, although the 
underlying dermis and appendages such as hair follicles, 
sebaceous glands and sweat glands are, obviously, absent. It was 
due to this similarity coupled with the relative ease with which 
cells derived from this tissue can be cultured that rat 
sublingual kératinocytes were first proposed as an in vitro model 
for skin.
The RTE cell lines so far described in the literature and 
those used in experiments described in this thesis were all 
initiated from explants of the lower surface of the tongue. 
However lines have been initiated by myself from the upper 
surface of the tongue using an identical protocol, which were 
subcultured for three passages. These were morphologically and 
behaviourally (i.e. plating efficiency, growth characteristics, 
ease of trypsinisation, etc.) indistinguishable from sublingual 
kératinocytes at the light microscope level. This does not seem 
surprising considering the structural similarity of the dorsal 
and ventral surfaces of the tongue.
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Plate 26 Rat tongue. Lamina propria showing fibroblasts (F) 
and collagen bundles (C) cut in various planes.
(x 2800)
FV- * W
m f ; # K
/  n.
fjU
Plate 27 Rat tongue. Basal kératinocytes (B) with prominent 
dark staining nucleoli and deep nuclear pores (P). 
(x 2 2 0 0 )
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Plate 28 Rat tongue. Basal (b) and spinous (s) cells. Spinous 
cells are outlined by dark staining desmosomes (d). 
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Plate 29 Rat tongue. Transition from spinous (s) , through 
granular (g) to stratum corneum (sc) cells. Granular 
cells contain keratohyalin granules (k) , and upper 
cell layers have a thickened plasma membrane.
(x 2800)
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4.1.3 Morphology Of RTE Cells
The culture of cells derived from stratified squamous 
epithelium has been the subject of numerous investigations, and 
until the 1970's, although short term primary cultures had been 
produced, it proved exceptionally difficult to establish a cell 
line by subculturing these primary growths.
In 1975 Rheinwald and Green described a method for 
producing cell lines from human skin, and these have potential 
for use in grafting for burns victims. However, the cells require 
a feeder layer of irradiated (but still viable) 3T3 fibroblasts 
on which to attach and a complex culture medium containing growth 
factors such as hydrocortisone, cholera toxin and epidermal 
growth factor, and they can only be subcultured for a very 
limited number of passages. Human kératinocytes in culture show 
signs of terminal differentiation such as stratification, 
formation of a cornified cell envelope, loss of nuclei and 
keratin synthesis, however, the process is not identical to the 
in vivo situation, since membrane coating granules and 
keratohyalin are not formed.
At around the same time (1974) a method was developed by 
Arne Jepsen whereby a cell line could be established from rat 
tongue epithelium, which is also a stratified squamous 
epithelium, and this is where the term RTE is derived from.
The RTE cell lines provide a simplified system for looking 
at epithelial cells in isolation without a feeder layer or 
special growth requirements, and in the absence of humoural or 
dermal interference. They are continually proliferating cell 
lines which stratify and differentiate, and their characteristics
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are stable over more than 30 subcultures.
A. RTE cells grown on plastic
The method used in isolating RTE cells is based on the 
original method of Jepsen, but has been greatly simplified and 
is based on explant culture (see methods). Once the explant 
culture has been set up, cells can be seen growing out from the 
explant onto the tissue culture plastic after 3-4 days using 
phase-contrast microscopy. The cells are predominantly one of two 
types; epithelial cells which are polyhedral, and fibroblasts, 
which have extended cellular processes (plate 30).
Using a variety of techniques, the epithelial cell 
(keratinocyte) population can be selected out by the first 
subculture. The growth of these cells can then be divided into 
two phases. The first is growth of basal cells to confluency 
(plate 31). When the cells are stained with haematoxylin and 
eosin, numerous mitotic figures can be seen, which indicate the 
high rate of proliferation in these cells (plate 32).
Occasionally, giant cells can be seen (plates 33 and 34) . 
These are in the region of ten-fold larger in diameter than 
normal kératinocytes, and are invariably multinucleate with up 
to 10 nuclei per cell. Giant cells are not discernible in primary 
cultures of rat tongue using the system described in the methods 
section, but appear to be an artefact produced only after the 
first subculture. However, Jepsen (1974) described the appearance 
of these cells using his original method of initiation when the 
cells were cultured at 37°C (RTE cells in this thesis were 
cultured at 30°C). Their significance is unknown.
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RTE Cells
Plate 33 Phase contrast. RTE 6 passage 2 at 10 days in 
culture. Giant cell, (x 260)
Plate 34 Toluidine Blue. RTE 6 passage 2 at 10 days in 
culture. Giant cell with multiple nuclei, (x 260)
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The second phase of growth is stratification and terminal 
differentiation. When the cells approach confluence and a 
critical cell density is reached, they begin to stratify and 
appear as pale islands under phase contrast (plates 31 and 35), 
or dark patches when stained with Toluidine Blue (plate 36).
As the cells stratify they differentiate as they pass 
upwards through the cell layer, and ultimately desquamate from 
the surface, particularly when the culture flask is disturbed at 
medium changes. Older cultures have been examined using 
transmission electron microscopy, and at 1 0  weeks in culture 
around 7 to 8  cell layers can be distinguished. RTE cells have 
been reported to have been maintained in the same culture flask 
for up to two years without subculture (Jepsen 1974).
Using electron microscopy, it can be seen that the 
cultured cells share several features in common with 
kératinocytes in vivo (plate 37). In the lower cell layers 
tonofilaments can be seen. These are precursors of the keratin 
bundles seen in higher cell layers. The junctions between the 
cells are highly convoluted, giving the cells a spiny appearance 
much like the spinous cells of human skin and rat tongue, and 
desmosomes (tight junctions) can be seen (plates 37 and 38).
Cells in the upper layers contain far more keratin, and 
this is arranged typically in bundles (plate 39).
At lower power it can be seen that as the cells become 
confluent and begin to stratify, the ratio of nuclear to 
cytoplasmic area increases and the cells are packed more closely 
together (plate 40).
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Plate 35 Phase contrast. RTE 5 passage 6  at 4 months in 
culture. Stratified cells appear as white patches, 
(x 260)
Plate 36 Toluidine Blue. RTE 5 passage 6  at 10 weeks in 
culture. Stratified cells appear as dark patches.
(x 520)
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Plate 40 EM. RTE 4 passage 29 at 10 weeks in culture. 
Superconfluent cells are packed more closely 
together, as can be seen by the spacing between 
adjacent nuclei (N) which have deep invaginations, 
(x 2800)
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Plate 41 EM. Collagen gel. (x 17,000)
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At this stage of growth, deep nuclear invaginations become 
apparent. Their purpose is thought to be to increase the surface 
area available for the exchange of information between the 
nucleus and the cytoplasm in metabolically active cells, and 
their appearance coincides with the transition from cell 
proliferation to stratification and differentiation, which 
implies a change in cellular metabolism.
To summarise, the RTE cells share several features in 
common with kératinocytes in vivo, including tonofilaments, 
desmosomes and keratin bundles. They also have a thickened plasma 
membrane in more superficial layers (Buckley 1981) and they 
stratify, differentiate and turnover in a very similar way. 
Therefore it was thought that RTE cells may be a good in vitro 
model for skin. However, there are some limitations. RTE cells 
in conventional culture do not produce keratohyalin granules, 
which in vivo serve to make the skin impermeable, and there is 
no equivalent in culture for the stratum corneum, which forms an 
important barrier in vivo.
In conventional culture, however, such a barrier would not 
be desirable. The actively dividing cells attach to the base of 
culture vessels and grow and differentiate upwards in layers. 
The basal cells receive all their nutrition from above, and this 
must first pass through several cell layers. This poses a limit 
to the number of cell layers and the degree of differentiation 
possible, as these would restrict the flow of nutrients. 
Therefore the extent of stratification and kératinisation is self 
limiting.
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B. RTE Cells Grown on Collagen Gels
The problems mentioned above can partly be overcome by 
basal feeding of the cell layer, which can be achieved by growing 
RTE cells on rafts of collagen gel. The collagen used in 
experiments described in this thesis was a crude preparation 
derived by acid extraction of rat tail tendons, according to the 
method of Bell et al 1979 (see methods), which is almost pure 
Type I collagen. (The collagen composition of human dermis is 80- 
85% Type I and 10-15% Type III). When this is neutralised and 
warmed, it forms a loose gel in 30-45 seconds (plate 41). Cells 
can be plated on top of this which subsequently attach, grow and 
divide. The gel can then be detached from the culture vessel so 
that it is floating free in the culture medium, and the cells are 
fed from the base and sides of the gel, which is more 
physiological, as well as from above.
A further refinement is to incorporate fibroblasts into 
the gel, which can then be used as an in vitro model for dermis, 
with kératinocytes plated on top as the equivalent of the 
epidermis. This has been achieved (by myself) using RTF 
fibroblasts derived from explant cultures of rat tongue, which 
were isolated using a modified version of the method used for 
isolating RTE cells (see methods).
When either cell type was incorporated within a collagen 
gel, or plated on top, the cells caused the gel to contract 
(control gels did not change size in culture) . The rate of 
contraction was proportional to the cell density for both cell 
types, however, the RTF fibroblasts caused a faster contraction
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of gels than the RTE kératinocytes. A mixture of both cell types 
gave intermediate contraction rates between those for RTE and RTF 
cells alone.
Plating cells on top of the gels caused faster contraction 
than when cells were incorporated into the gel. This may have 
been due to the death of some cells when the gels were originally 
cast, during the brief period when cells were mixed with sodium 
hydroxide and the acid collagen extract.
When the contraction of various gels was followed with 
time, the basic shape of the graph was identical for both RTE and 
RTF cells whether they were plated within or on top of the gels. 
Figure 4.1.3 shows a typical collagen contraction curve for RTE 
cells plated at 4 x 10^  on top of a gel in a 50mm petri dish. 
Initially the gel contracted very rapidly, at a steady rate of 
27.5mm over 5 days (5.5mm/day) . However, after the fifth day, the 
contraction rate slowed quite abruptly to 3mm over 8  days (i.e. 
0.4mm/day). This sharp change in the contraction rate at around 
days 5 and 6  was seen with every gel. Since this time, similar 
kinetics have been observed with collagen gel contraction using 
human fibroblasts (Nishiyama et al 1988).
The gels can also be raised on a support to the surface 
of the medium so that the cells are in close proximity to the air 
interface but can still draw up medium by capillary action 
through the gel. The advantages of this are twofold. Firstly, air 
exposure may enhance cell differentiation, so the cultures may 
resemble the in vivo situation better. Secondly, such a system 
would be ideal as a model for testing compounds which are 
insoluble in culture medium, such as oils, creams and
110
Figure 4.1.3 Contraction of collagen gels by RTE cells
RTE cells were plated at 2 x 1 0^  cells/ml, 2ml per gel, on 
top of a collagen gel cast in a 50mm petri dish. The gel was 
lifted from the dish so it was floating freely in medium, and its 
contraction with time was followed by measuring the mean diameter 
of the gel from three different readings.
Mean Gel 
Diameter 
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particulates, as these could be applied directly on top of the 
cell layer.
The following plates are of RTE cells grown on top of 
collagen gels, in the absence of fibroblasts. When RTE cells are 
grown on collagen, the cells resemble the parent tissue much more 
closely than cells grown on plastic (plate 42) . Basal cells 
appear more cuboidal in shape, whereas on plastic they tend to 
spread out flatter. The basal cells also grow down into the gel 
to resemble the rete ridges found in vivo.
To some extent this is a function of the degree of pliancy 
of the gel and also their surface characteristics. This has been 
confirmed by Lillie and co-workers (1988) who have grown RTE 
cells on various types of collagen, including composite gels of 
more than one type, ranging from guinea-pig dermal collagen (Type 
I) which formed a loose mesh to foetal bovine skin collagen (Type 
III) which forms a tighter mesh although fibril diameters of both 
collagen types are similar in size.
They also coated these gels with a basement membrane by 
growing bovine corneal endothelial cells on top, which were 
subsequently washed off prior to plating the kératinocytes, and 
this resulted in gels with a smooth surface as opposed to an open 
mesh. RTE cells grown on a smooth basement membrane did not 
distort the surface of the gel but formed a smooth layer.
Although the basal layer may be folded due to cells 
growing into the gel, the suprabasal layers adjust for this so 
that the surface of the culture is smooth. The suprabasal cells 
have different staining characteristics to the basal cells when 
stained with haematoxylin and eosin, as they do in vivo.
112
• #
'0 • ♦ • .
• / O  o
' A s é>
$
RTE On Collagen
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Basal cells appear darker due to the higher density of cell 
nuclei with prominent nucleoli which stain blue with 
haematoxylin, whereas suprabasal layers are more eosinophilic. 
The suprabasal layers consist of flattened, overlapping cells, 
with nuclei at various stages of disintegration.
RTE cultures grown on collagen support far more cell 
layers than conventional cultures grown on plastic, probably due 
to basal feeding, and after 53 days in culture more than 20 
layers of cells can be seen (plate 43).
The cells also differentiate to a higher degree; membrane 
coating granules can be seen in the suprabasal layers (Lillie et 
al 1988), which are absent in conventional cultures, and the more 
superficial layers are highly keratinised. However, cells on 
collagen do not develop keratohyalin granules, and when their 
keratin profiles are examined using gel electrophoresis (Lillie 
et al 1988), the keratin pattern, although similar, is not 
identical to that obtained from sublingual epithelium. In fact 
the keratin patterns obtained from RTE cells grown on plastic, 
on floating collagen gels and on gels raised to the air interface 
are identical, and so basal feeding and air exposure do not 
produce a more differentiated keratin profile.
Attempts have been made by myself to culture cells on 
collagen raised to the air/medium interface. Difficulties lie in 
maintaining the level of the medium at the correct height so that 
surface cells are in contact with air, but do not become 
dehydrated. Cells grown under these circumstances show 
considerable cellular damage, such as detachment of basal cells 
from the gel, cytoplasmic vacuolation, bleb formation at the cell
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surface and nuclear degeneration (plate 44).
In some cases, the entire cell sheet detaches from the gel 
(plate 45). When this occurs, some eosinophilic material always 
remains attached to the gel, which could represent the remains 
of cellular processes, or perhaps a basement membrane produced 
by the cells.
Plate 45 also demonstrates the effects seen at the edges 
of the culture. When RTE cells attach to the gel, they exert 
tension in the gel causing it to contract (collagen gels without 
cells do not change shape or size in culture). As the cell layer 
is very thin compared to the depth of the gel, the edges curl 
over and cells tend to collect in the pocket produced. Sometimes, 
the basal layer folds back onto the surface of the culture and 
the cells reattach and begin growing on the uppermost cell layer 
of the culture. This can partly be seen in plate 43 in the top 
left hand corner, where the darkly staining basal cells can be 
seen at the surface of the culture.
The longest period that cells have been cultured on 
collagen in this series of experiments was 53 days (plate 43). 
Cells were plated onto a submerged collagen gel and allowed to 
grow for 31 days before being raised to the interface on a grid 
for a further 22 days. The culture was then fixed and processed 
for electron microscopy. During this time, a substantially thick 
layer of cells was formed, however, this did not remain as a 
single coherent layer but tended to split into thinner layers, 
especially when the medium was changed and the culture disturbed.
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Plate 45 RTE on collagen. The basal layer has folded back and 
reattached onto the surface of the culture, which has 
detached from the gel. Some eosinophilic material 
remains on the gel surface, (x 130)
nc ^
Plate 46 EM. Low power showing RTE cells on collagen after 53 
days in culture, (x 600)
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Plate 46 is an electron micrograph of part of this cell 
layer on collagen. The basal kératinocytes (plate 47) are 
cuboidal with deep nuclear pores, which is typical of cells with 
a high metabolic rate. These cells have a high proliferative rate 
in culture. The suprabasal layers have convoluted cell junctions, 
which are held together by desmosomes, giving the cells a spiny 
appearance (plate 48) much like the spinous cells found in rat 
tongue and human skin.
Above these is a layer of cells with a thickened plasma 
membrane. The nuclei are retained in this cell layer, although 
they appear pyknotic, and the cells contain keratin filaments. 
The surface cells of this layer in plate 49 are at the point 
where the culture has split. Cellular debris can be seen above 
the cell layer, and surface cells show blebbing of the cell 
membrane, which is a sign of cell damage. The most probable cause 
of this damage is the high oxygen tension at the surface of the 
culture medium and also dehydration where the cells are in 
contact with air.
Moving upwards, beyond the split region, the cells contain 
far more keratin, which is now arranged in thick bundles instead 
of more dispersed filaments (plate 50) . However, other organelles 
cannot be distinguished as these are in the process of 
disintegration. Moving further towards the surface, the cells 
consist of flattened overlapping sheets with little observable 
cell structure. The nuclei are still retained in these 
superficial layers, although they appear pyknotic (plate 51).
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EM. RTE cells on collagen showing basal (B) and 
spinous (S) kératinocytes. Basal nuclei have deep 
pores and spinous cells have convoluted cell 
junctions, (x 2800)
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Plate 48 EM. RTE on collagen showing spinous (S) and 
keratinised (K) cells, (x 2800)
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Plate 49 EM. RTE on collagen. The keratinised layer (K) has 
a thickened plasma membrane and pyknotic nuclei (N) . 
Surface cells show signs of blebbing (B). (x 2800)
Plate 50 EM. Cells on collagen. Upper keratinised layer is 
packed with keratin bundles, (x 4600)
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This picture resembles parakeratosis, which is seen in 
humans as a disorder of epidermal differentiation, where surface 
cells retain nuclei due to an increased rate of cell turnover to 
the extent that the nuclei are not degraded before reaching the 
surface of the epidermis.
The edges of the culture are folded over, and cells tend 
to grow better near this fold, which tends to trap medium and so 
protect the cells against dehydration and high oxygen tension, 
so more cell layers are visible. Plate 52 shows the basal layer, 
whereas plate 53 shows some of the more superficial layers.
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Plate 51 EM. RTE on collagen. Superficial layers consist of 
flattened overlapping sheets of kératinocytes which 
still retain nuclei (N) and resemble parakeratosis, 
(x 2800)
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Plate 52 EM. RTE on collagen. Edges of culture have folded 
over. Plate shows basal (B) and suprabasal cells (S). 
(x 2800)
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RTE On Collagen
Plate 53 EM. RTE on collagen. Edges of culture have folded 
over and support far more cell layers, (x 2800)
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4.2 Prolinase Activity and Proline Incorporation In RTE Cells
Introduction
Collagen contains a relatively high proportion (20%) of 
proline residues, about half of which are hydroxylated, which 
confers greater stability to the collagen polypeptide. Due to the 
unique structure of proline, which consists of a pyrrolidine ring 
with a secondary nitrogen group, peptide bonds involving proline 
residues are largely resistant to the action of non-specific 
proteases. This makes collagen uniquely different in structure 
from other proteins and especially suited for its role as a 
structural protein (Pinnell and Murad 1982).
Collagen is degraded by the action of collagenases, which 
are released mainly from fibroblasts in skin. This results in the 
formation of soluble products which denature at temperatures 
below 37°C to produce gelatin chains which are susceptible to 
further proteolytic attack, by enzymes such as gelatinase and 
other non-specific proteases. However, peptide bonds containing 
proline and hydroxyproline are resistant to this proteolytic 
attack and so during collagen degradation iminodipeptides are 
left which cannot be further degraded by most other proteases. 
These iminodipeptides are substrates for the enzymes prolinase 
and prolidase (see Appendix 2 for literature review).
Prolinase (EC 3.4.13.8) is a strict dipeptidase with a 
high substrate specificity for dipeptides with a free amino- 
terminal prolyl or hydroxyprolyl residue (Pro-X, Hyp-X). In 
contrast, it has little specificity for amino acid residues in 
the C-terminal position. Prolidase (EC 3.4.13.9) is also a strict
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dipeptidase, which catalyses the cleavage of dipeptides with a 
free carboxy-terminal prolyl or hydroxyprolyl residue (X-Pro, X- 
Hyp) , but has little specificity for the amino-terminal residue. 
With the combined action of these two enzymes proline and other 
amino acids may be released for recycling, however, 
hydroxyproline cannot be reutilised and is excreted. (See 
Literature Review, Appendix 2).
Prolidase 
X-Pro / X-Hyp ---------- X + Pro/Hyp
Dipeptidase
Collagen ---------- ^  Polypeptides---^ X-Y — -------- ^ X + Y
Collagenase/
Proteases
Prolinase 
Pro-X / Hyp-X ------- ^ Pro/Hyp + X
Collagen Degradation (after Arata et al 1979)
Hopley in 1986 studied various parameters in RTE cells, 
including prolinase, over a time period of one month. RTE 4 cells 
were used at a plating density of 2x1 0^  cells per 25ml flask, and 
examined at weekly intervals. Using such a system, it was found 
that the cultures grew to confluence and commenced stratification 
at day 14, the "point of commitment" from proliferation to 
stratification. Cultures at days 21 and 28 showed signs of 
desquamation, although total adhered protein continued to 
increase with time in culture up to day 28.
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In control cultures, it was found that [^H]-thymidine 
incorporation, ornithine decarboxylase activity, acid phosphatase 
activity and prolinase activity all showed the same pattern of 
changes with time. The activity of these parameters increased 
slowly from plating to day 14, then rose sharply to a peak at day 
2 1  before falling again to levels similar to those found at days 
7 and 14. Therefore, using these parameters, it appeared that 
days 14 to 2 1  were the most sensitive time periods in which to 
treat the cells with compounds which may affect cell 
differentiation.
On this basis, further experiments were performed where 
RTE cells were treated at the same time points with 3,3',4,4' 
tetrachlorobiphenyl (TCB3), a polychlorinated biphenyl which 
produces hyperplasia and hyperkeratosis in the epidermis in vivo.
TCB3 treatment produced specific changes in RTE cells. 
There was an inhibition of cell stratification and the peaks in 
acid phosphatase and prolinase activities at day 2 1  were 
abolished. However, the other parameters were unaffected. 
Therefore it was concluded that both acid phosphatase and 
prolinase could be specific markers for cell differentiation and 
stratification.
Subsequent work was carried out where prolinase activity 
was measured in the same cell line (RTE 4) after treatment with 
some of the compounds used in the FRAME cytotoxicity programme 
(Knox et al 1986) to investigate this relationship with cell 
differentiation further, however, the results produced were 
equivocal (Benford 1988). Therefore the following experiments 
were performed in order to clarify the role of prolinase.
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Prolinase activity was measured in two RTE cell lines at 
early and late passage, RTE 8  and RTE 4 respectively, and 
followed over a time course of one month. This period covered the 
stages of growth to confluence, stratification and desquamation. 
The relationship between prolinase activity and the incorporation 
of radiolabelled proline into cellular protein was also 
investigated. Other parameters measured were cell number, protein 
and DNA content per flask.
It is well known that kératinocytes are capable of 
synthesising basement membrane (Eady 1988) and that a major 
component of this is collagen, which contains proline. Based on 
the results of the proline incorporation and prolinase 
measurements, it was thought that basement membrane could be one 
of the compartments where proline was incorporated, and that 
changes in incorporation and prolinase activity could reflect 
basement membrane turnover, which in turn could be correlated 
with the dynamics of RTE growth. To verify this, the 
incorporation of proline into collagenous proteins was determined 
on days 8 , 1 1 , 15 and 18 of culture, i.e. covering the period 
when cell growth switches from proliferation to stratification.
Method
RTE 8  cells were used at early passage (3) and RTE 4 cells 
at late passage (31). A large number of flasks were set up in 
triplicate to enable sampling twice weekly, (i.e. 6  flasks per 
week per cell line for four weeks) and each flask was used to 
give information on cell number, protein content, DNA content, 
radiolabelled proline incorporation and prolinase activity, so
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that all these parameters could be compared within the same flask 
(see methods for assay details).
RTE cells were plated at a density of 2x10® cells per 
flask (on day 1 ) and left overnight to attach. The following day 
(day 2) cells were incubated with serum-free EMEM containing 
0.1viCi/ml of radiolabelled proline (U-^^C-proline) for one hour, 
then washed to remove unincorporated label, before trypsinising 
in a volume of 5ml PBS 'A' and performing a cell count.
The cell suspension was then disrupted by sonication (such 
that the cells no longer excluded Trypan Blue) and divided into 
two samples of 2.5ml each. One sample was centrifuged at 1OOOg 
to remove cellular debris, immediately assayed for prolinase 
activity, then stored frozen at -20°C until required for the 
assay of proline incorporation into collagen and non-collagen 
protein according to an adaptation of the method of Peterkofsky 
and Diegelmann (1971).
The other sample was precipitated with 2.5ml of ice-cold 
TCA and pelletted by centrifuging at 2000g. The pellet was 
hydrolysed twice with 2ml of 0. 5M PCA by heating for 10 minutes 
in a water bath at 90°C and the supernatants were combined and 
assayed for DNA content.
The remaining pellet was dehydrated by washing in 
ethanol, then digested overnight in 2ml of 0.5M NaOH at 37°C. The 
following day, the sample was assayed for protein content using 
the Bio-Rad method, and radiolabelled proline incorporation into 
total protein was measured using scintillation counting.
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Results
The two cell lines showed very similar patterns of changes 
with time in culture for all the parameters measured.
Cell number (Fig. 4.2.1) increased linearly with time in 
culture from the initial plating density of 2 x 1 0 ® cells/flask to 
around 27x10® cells/flask after 29 days in culture.
Protein content per flask (Fig. 4.2.2) increased with time 
in culture from 0 . 1  mg/flask on the day after plating to around 
3.0 mg/flask at day 29 of culture. However, there appeared to be 
a plateau between days 8  and 15 where the protein content 
remained constant at around 0.7 mg/flask.
DNA content per flask (Fig. 4.2.3) showed an initial time 
lag where levels remained constant at around 40 pg/flask between 
days 2 and 11. This then increased to around 300 pg/flask after 
29 days in culture.
When protein content was expressed per cell number (Fig. 
4.2.4), the graph showed a steady decline up to day 15, implying 
that although cell number increased, the cells were smaller, 
containing less protein. This was substantiated by visual 
observations at this time, where cells appeared smaller and more 
tightly packed, and cell nuclei could be seen closer together. 
After day 15, when cultures were stratifying, levels steadily 
increased to around 0.45 mg per million cells at day 29.
The DNA content per cell (Fig. 4.2.5) was initially high 
at 33 pg/million cells for RTE 4 cells and 13 pg/million cells 
for RTE 8  cells. This decreased to around 5 ^g/million cells at 
day 1 1 , when both cell cultures were fully confluent, then 
increased to a plateau of 11 pg/million cells for days 18 to 29.
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When DNA content was expressed per mg of protein (Fig. 
4.2.6), the shape of the graph was essentially the same as for 
DNA per cell (Fig. 4.2.5). Levels were initially high, then fell 
as cells became more confluent, i.e. giving less DNA per mg 
protein, and stabilising at around 0 . 1  pg per mg protein after day 
4.
Proline incorporation per flask (Fig. 4.2.7) generally 
increased with time, however, there were noticeably two 
pronounced dips in the graph, one at days 11 to 15 and the other 
at day 29. Although they were single time points they occurred 
for both cell lines.
Proline incorporation per cell (Fig. 4.2.8) and proline 
incorporation per mg protein (Fig. 4.2.9) showed essentially the 
same changes with time in culture. Levels were initially high 
after plating and fell as cell density increased, to a baseline 
after day 1 1  when cells were fully confluent.
Proline incorporation per lag DNA (Fig. 4.2.10) was 
initially low after plating, increased to a peak at day 8  then 
fell again to a baseline value at days 15 to 32.
Prolinase activity per flask increased steadily with time 
and plateaued after day 22 (Fig. 4.2.11). When expressed per 
million cells (Fig. 4.2.12), levels increased to an approximate 
plateau after days 8  to 1 1 .
Prolinase activity expressed per mg protein (Fig. 4.2.13) 
and per ]ig DNA (Fig. 4.2.14) produced essentially the same shape 
of curve. Levels increased steadily after plating to a peak 
between days 1 1  and 15 before falling again to baseline levels.
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Results Changes In Prolinase Activity and Proline Incorporation 
In RTE Cells During 1 Month In Culture
Figure 4.2.1 
Figure 4.2.2 
Figure 4.2.3
Figure 4.2.4 
Figure 4.2.5 
Figure 4.2.6
Cell Number per flask / Day 
Protein per flask / Day 
DNA per flask / Day
Protein per cell number / Day 
DNA per cell number / Day 
DNA per mg protein / Day
Figure 4.2.7 
Figure 4.2.8 
Figure 4.2.9 
Figure 4.2.10
Proline incorporation per flask / Day 
Proline incorporation per cell number / Day 
Proline incorporation per mg protein / Day 
Proline incorporation per ]ig DNA / Day
14,N.B. Proline incorporation is expressed as )imoles of C- 
proline incorporated after one hours incubation in 
radiolabelled culture medium at 30°C.
Figure 4.2.11 
Figure 4.2.12 
Figure 4.2.13 
Figure 4.2.14
Prolinase activity per flask / Day
Prolinase activity per cell number / Day
Prolinase activity per mg protein / Day
Prolinase activity per pg DNA / Day
N.B. Prolinase activity is expressed as ymoles of D-L- 
valine produced from the cleavage of prolyl-valine 
after incubation at 37°C for one hour.
Bars indicate standard deviations of 3 replicate flasks 130
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Figure 4.2.7
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Figure 4.2.9
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Figure 4.2.11
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In summary, it was noticeable that several changes 
occurred at around the time when cells were becoming fully 
confluent, and beginning to stratify. Prolinase activity was 
initially low after plating and tended to increase up to the 
time of confluency, whereas proline incorporation was initially 
high and tended to fall as cells became more confluent.
Table 4.2.1 shows the results of the proline incorporation 
experiment into collagen and non-collagen proteins. The amount 
of radioactivity incorporated was extremely low, and so the raw 
data are given, as dpm derived from 2 0 0 ]il of the protein solution 
in sodium hydroxide (4ml of this solution is equivalent to the 
product from each flask).
Losses in radioactivity during the incubation process and 
subsequent washes were very high, averaging 50%. The total amount 
of radioactivity incorporated was extremely low, most of the 
activity was incorporated into non-collagen protein. The amount 
of activity in the TCA soluble fraction was close to background 
counts, and therefore incorporation into collagen was negligible.
From the limited data, however, incorporation into 
collagen as a percentage of incorporation into total protein ( 1 - 
2 as % of 4) averaged less than 10% at day 8 . As a general 
trend, this fell with time in culture from days 8  to 1 1 , as cells 
reached confluency and commenced stratification.
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Table 4.2.1 Legend
Experimental Design
Radioactive Proline Incorporation into 
Collagenous and Non-collagenous Protein
With Collagenase (+C) 
/
TCA
Supernatant
Total Protein in 0.5M NaOH 
Collagenase Digestion
1
(collagen)
Protein
Pellet
(non-collagen) 
( protein )
Without Collagenase (-C) 
(control)/TCA 
Supernatant
(control for) 
(collagen 1 )
Protein
Pellet
( total ) 
( protein)
1 - 2  = incorporation into collagen
Total protein - 4 = Losses during incubation and washing.
Samples
Data ave.given for two cell lines (RTE 4 and RTE 8 ) in triplicate 
for the days in culture covering the period from proliferation 
to stratification (days 8 , 11, 15 and 18).
Total Protein
Protein solution was sampled for total 
prior to collagenase digestion.
14C-proline incorporation
TCA Supernatant
This represents the fraction of radiolabel incorporated into acid 
soluble peptides with and without collagenase digestion. The 
difference between columns 1 and 2  represents incorporation of 
radiolabel into collagen.
Protein Pellet
This represents the fraction of radiolabel incorporated into TCA 
precipitable protein, with and without collagenase digestion. The 
difference between Total protein and column 4 represents losses 
during the incubation.
1 - 2  as a percentage of 4 represents incorporation into collagen 
as a percentage of incorporation into total protein.
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and Non-collagenous Protein
Data show: dpm counted over 10 minutes (minus background 
counts of 22.6) derived from 200]al of protein in NaOH. Each value 
represents the mean of two separate experiments with two 
determinations per flask. +C and -C denotes incubations with and 
without collagenase respectively (see text for details).
Days
"Collagen" 
Total TCA Supernatent 
Protein +C -C 
1 2 1 - 2
"Non-Collagen" 
Protein Pellet 
+C -C 
3 4
1 - 2  
as % 
of 4
RTE 4
8 297.1 46.2 15.2 31 .0 118.6 1 0 0 . 2 30.9
428.5 47.3 37.2 1 0 . 1 257.8 234.1 4.3
370.1 35.3 35.1 0 . 2 171.9 187.6 0 . 1
1 1 246.6 26.0 23.8 2 . 2 107.7 119.7 1 . 8
282.9 28.1 21 .3 6 . 8 133.6 135.7 5.0
272.7 28.2 2 2 . 2 6 . 0 118.0 113.5 5.3
15 183.3 23.0 16.4 6 . 6 1 0 2 . 2 101 .7 6.5
126.4 1 2 . 1 13.5 - 61 .7 46.0 -
255.8 25.7 25.9 - 142.8 1 2 0 . 2 -
18 136.1 1 1  . 1 1 1  . 6 — 60.7 63.0 _
256.7 25.4 20.9 4.5 166.3 162.5 2 . 8
155.0 13.0 12.9 0 . 1 53.4 70.2 0 . 1
RTE 8
8 113.0 9.2 10.3 34.1 41 .3
166.0 18.1 12.5 5.6 69.5 62.3 9.0
226.8 20.9 15.6 5.3 87.8 100.7 5.3
1 1 244.4 24.2 22.9 1 .3 96.2 104.4 1 . 2
331 .0 27.9 25.6 2.3 205.6 178.1 1 .3
199.5 18.3 22.3 - 68.5 79.9 -
15 431 .1 25.0 29.9 _ 146.8 152.9
266.7 46.0 46.2 - 269.9 236.0 -
373.8 37.0 31 .5 5.5 2 0 2 . 0 204.8 2.7
18 860.0 75.5 72.3 3.2 575.3 580.8 0 . 6
914.0 81 . 6 77.3 4.3 550.2 557.2 0 . 8
812.0 67.2 67.2 540.2 544.8
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Discussion
The similarity between the data obtained with the two cell 
lines with all the parameters studied indicates that these 
characteristics of the RTE cell line are stable over prolonged 
periods in cell culture (RTE 8  cells were used at passage 3 and 
RTE 4 cells at passage 30). In addition, the graphs for protein 
per flask, DNA per flask, and prolinase per mg protein were 
remarkably similar to those obtained by Hopley (1986) using RTE 
4 cells although it is unclear at which passage these cells were 
used.
Protein and DNA per cell number, and DNA per mg protein 
(Figs. 4.2.4, 4.2.5 and 4.2.6) were initially high after plating 
and fell as cells became confluent. This probably represents the 
mitotic burst which is often observed in cells immediately after 
attachment.
Prolinase has an important role in the degradation of 
proline-containing peptides, and the release of free proline for 
recycling (see Appendix 2 for literature review). These peptides 
are derived largely from the breakdown of collagen which contains 
significant amounts of proline and hydroxyproline. It is well 
known that kératinocytes are capable of synthesising basement 
membrane, which is composed of Type IV collagen and contains 
proline (Pinnell & Murad 1982).
Due to the complementary nature of the changes in proline 
incorporation and prolinase activity from the time after plating 
up to confluency and stratification, it was postulated that some 
of the proline was perhaps being incorporated into basement 
membrane. This would normally be synthesised up to confluency,
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after which time there would be increased turnover of the 
existing basement membrane collagen by the action of several 
enzymes including prolinase. This would explain the increase in 
prolinase activity with confluency and the simultaneous decrease 
in proline incorporation into protein.
To test this hypothesis, proline incorporation into collagen 
and non-collagen proteins was determined. At day 8  incorporation 
into collagen was below 1 0 % of incorporation into total protein. 
The extent of incorporation appeared to decrease from days 8  to 
18, as cells were approaching confluency and beginning to 
stratify. This is in agreement with the work of Kirchhofer et al 
(1986) who showed that more than 6 % of total protein synthesis 
was dedicated to collagen synthesis in confluent human skin 
fibroblasts, and both collagen and non-collagen protein synthesis 
decreased during the growth of these cells to confluency. 
However, the levels of radioactivity incorporated in these 
experiments were too low for the results to be conclusive.
The amount of radioactivity incorporated could be increased 
using a combination of several methods, which may help to 
elucidate this further. In this series of experiments the time 
allowed for incorporation of ^C-proline was only one hour. Other 
workers have shown that the time taken for exogenous proline to 
equilibr ate fully with all the intracellular pools of proline 
are in excess of 1 2  hours for rabbit arterial smooth muscle cells 
(Opsahl & Ehrhardt 1987) and between 16 and 20 hours for human 
foreskin fibroblasts and human lung fibroblasts (Bellon et al 
1987).
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Since proline is not an essential amino acid, de novo 
synthesis from ornithine, glutamate and endogenous protein 
degradation dilutes the radiolabelled proline taken up from the 
culture medium. In addition, it appears that intracellular 
proline pools are compartmentalised and that certain pools are 
preferentially aminoacylated to tRNA, so that prolyl-tRNA is not 
derived solely or even primarily from the free intracellular pool 
(Opsahl & Ehrhardt 1987). However, proline is an allosteric 
inhibitor of the first reaction in its biosynthesis (glutamate 
kinase dehydrogenase, Lehninger 1982), consequently the negative 
feedback on de novo synthesis afforded by high intracellular 
levels would tend to favour the balance towards incorporation of 
extracellular proline.
In the original method of Peterkofsky and Diegelmann (1971) 
an RNase digestion step was included to cleave the aminoacyl- 
tRNA pool. In these experiments this stage was omitted since 
incorporation into total protein was already so low that the 
further steps involved (washes, etc.) would have led to 
unacceptable losses of activity (50% of incorporated activity was 
lost during the collagenase digestion alone) , even if some of the 
activity could have been recovered from the tRNA pool.
It is known that vitamin C is required as a cofactor in the 
synthesis of collagen, specifically in the hydroxylation of 
proline residues in the procollagen chain. This reaction is a 
prerequisite for collagen cross-linking which confers greater 
stability and strength to the alpha helix (Pinnell and Murad
1982). Several workers have included a preincubation step with 
ascorbate to optimise collagen synthesis (Bellon et al 1987;
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Kirchhofer et al 1986).
Lastly, in the original Peterkofsky and Diegelmann (1971) 
method a chromatographically purified collagenase preparation was 
used which was free of protease activity. Subsequent workers 
(Kirchhofer et al 1986) have used commercially available Sigma 
type VII collagenase preparations and shown them to be 
chromatographically pure. The same enzyme was used in these 
experiments, and the preparation used contained collagenase type 
VII activity of 1920 units/mg solid, and only 0.08 units/mg solid 
of tryptic activity, which was considered to be adequately pure. 
However, the purity of the collagenase preparation is critical 
in this type of work.
A combination of all these procedures may increase total 
incorporation into cells and thereby the amount incorporated 
into collagen, to such a degree that conclusions could be drawn 
on the role of prolinase in RTE cells. However, it must be borne 
in mind that probably more than one enzyme is responsible for the 
measured prolinase activity (see Appendix 2 for literature 
review), which further complicates the issue.
As yet, a definitive physiological role has not been 
described for prolinase activity other than proline recycling. 
However, as an interesting afterthought, work by Elgjo et al 
(1972) has shown that the G2 chalone, which regulates the 
transition of cells from G2 phase into mitosis, is an epidermal 
mitotic inhibitor, which consists of a glycoprotein with a high 
content of proline and hydroxyproline. This type of protein could 
be a substrate for the action of prolinase, and since prolinase 
activity increases with cell density (also shown in human
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fibroblasts by Myara et al 1985a), this could increase 
degradation of the G2 chalone which may induce fully confluent 
RTE cells to undergo mitosis and overcome the contact inhibition 
which is typical of other cell types in culture.
In conclusion, the data presented in this chapter, taken 
with the literature review (Appendix 2) , failed to support a 
specific role for prolinase activity in cell differentiation and 
stratification, as suggested by Hopley (1986).
The literature suggests a role for prolinase in recycling 
of proline contained in dipeptides, which may be linked to 
collagen turnover, however, the data presented here failed to 
confirm this. This could be due either to reasons of experimental 
design or an in vivo/in vitro difference in the expression of 
prolinase in cultured cells compared to whole animals.
Due to the unclear role of prolinase in culture, and the 
complete lack of evidence to link it with the processes of 
inflammation and cell turnover, it was decided to pursue another 
enzyme marker for which there already existed a large body of 
data defining its role in inflammation, both in cultured cells 
and whole animals, namely acid phosphatase activity.
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4.3 Cytotoxicity Testing With RTE Cells
Introduction
In 1982, FRAME (the Fund for the Replacement of Animals 
in Medical Experiments) set up a research project to investigate 
the possibility of using a cell culture method to determine 
cytotoxicity as part of a first-order approach for assessing the 
relative acute toxicities of chemicals at an early stage in new 
product development. The potential advantages of using an in 
vitro system include speed of testing, reproducibility of test 
conditions, increased sensitivity and economy, both in funds and 
in the number of animals used. The idea was to develop an assay 
along the lines of the Ames test for mutagenicity, which is 
widely used as an early screen to indicate potential 
carcinogenicity (Ames et al 1975).
A large number of compounds were selected with known 
toxicological profiles which had a broad range of chemical 
structures and a variety of different mechanisms of toxicity 
(Purchase et al 1987). The conditions of the test protocol were 
standardised and fully described so they could be easily 
reproduced, and the chemicals were tested in blind trials in 
four separate tissue culture laboratories, with independent 
assessment of the results obtained and the conclusions drawn 
(Knox et al 1986).
The cell line selected for the test system was the BCL- 
D1 line. These cells were diploid, of human origin (embryonic 
lung), commercially available, relatively easy to culture, 
finite-lived, fibroblast-like and not transformed.
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The choice of endpoint for identifying cytotoxicity was 
an important decision. An endpoint is more valuable if it is 
indicative of a wide variety of chemical insults, since many 
agents submitted for testing are truly unknowns. A commonly used 
endpoint is cell death, however, this is an all-or-none 
phenomenon. Chemicals that affect specific metabolic or enzymatic 
systems without causing cell death may still be quite toxic to 
an organism, and such agents would give false-negative results 
if tested using cell death as the only criterion. Also, since 
cell death is an irreversible situation, such a test would 
preclude the measurement of recovery from toxic insult. At the 
other end of the spectrum, more specific metabolic endpoints, 
such as disruption of metabolism, or inhibition of specialised 
cell functions, e.g. phagocytosis, may be overly sensitive, 
producing false-positive results for chemicals that cause few 
observable effects in the whole animal. The ideal in vitro 
endpoint would be one that is exquisitely sensitive to serious 
insult only, yet is sensitive to virtually any mode of insult. 
The sublethal inhibition of cell proliferation in relevant cell 
systems may come close to that ideal (Stark et al 1986).
Cells in culture proliferate at a known optimal rate which 
may be reduced by chemicals affecting one or more of a number of 
vital cellular functions, such as mitochondrial activity, DNA 
synthesis, membrane integrity or protein synthesis, therefore 
this type of endpoint may be used to demonstrate a wide variety 
of chemical insults. Consequently, the endpoint selected fôr 
identifying cytotoxicity in the FRAME programme was based on cell 
proliferation. This was assessed by determining total adhered
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protein using a dye binding method, the Kenacid Blue assay 
(Riddell et al 1986).
The test protocol was as follows. BCL-D1 cells were seeded 
at a concentration of 2 x 10* cells/ml, 1 ml per well, into 24- 
well tissue culture plates and left overnight. Cellular 
metabolism and surface receptors are often altered by 
trypsinisation, and some cell-surface glycoproteins take 4 to 12 
hours to be replaced after cells are trypsinised (Stark et al 
1986). Therefore this time period allows the cells to attach, 
regain their normal homeostasis and commence dividing. The next 
day, the cells were treated with the test compound which was 
first dissolved in an appropriate solvent, such as water, 
ethanol, methanol, or DMSO, then diluted with culture medium 
such that the solvent concentration was kept constant at 1 %. 
Untreated wells and solvent controls were also included in the 
assay. The plates were incubated for 72 hours then washed, fixed 
and stained with Kenacid Blue. Initially, a range-finding 
experiment was performed where cells were treated with 1 0 0 0 , 1 0 0 , 
10 and 1 pg/ml of the test compound. This was then repeated with 
a narrower range of concentrations so that a dose-response curve 
could be constructed, from which the ICgg value was calculated 
(i.e. the concentration at which total adhered protein fell to 
50% of control wells) . Thg^seln vitro data was then compared with 
various classes of in vivo toxicity data.
Although cytotoxicity testing may not give a good 
indication of in vivo systemic toxicity, it may reflect local 
toxic reactions, and skin irritation may be one such local effect 
resulting from cytotoxic interactions. In assessing skin
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toxicity, a kératinocyte cell line derived from epidermis may be 
preferable to a fibroblastic cell line derived from embryonic 
lung. The aim of the study, therefore, was to compare 
cytotoxicity towards a keratinocyte cell line (RTE 5) and the 
BCL-D1 fibroblast line as models for predicting skin toxicity in 
vivo. A variety of compounds were selected to assess this, which 
had known toxicological profiles (Tables 4.3.1 and 4.3.2), on the 
basis of their dermatotoxic potential, and these were tested in 
the two cell lines using a protocol similar to that used in the 
FRAME trials.
RTE cells, unlike BCL-D1 cells are not subject to normal 
contact inhibition, and after reaching a critical cell density 
will stratify and differentiate. In order to simplify the system, 
it was decided to treat the cells with the compounds as a 
monolayer only, so that the cell population being tested would 
be homogeneous. In addition, a stratifying culture may complicate 
the measurement of Kenacid Blue binding using the plate reader, 
since the presence of islands of layered cells would cause light 
scatter and thus affect the absorbence reading depending on the 
extent of stratification per se.
When the proliferation of cells in culture is followed 
over a period of time, the graph of cell number against time in 
culture shows a typically sigmoid shape. Initially, following 
subculture, there is a lag phase where cell number increases 
slowly. This is a period of adaptation during which the cells 
replace elements of the glycocalyx lost during trypsinisation, 
attach to the substrate and spread out. After this, the cell 
number increases exponentially with time, the log phase, until
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Table 4.3.1 Classification Criteria For In Vivo Toxicology 
Profiles Of Selected FRAME Compounds
(Purchase et al 1987)
The comparison of potency was made using data 
obtained in a variety of species, including man, and involving 
a variety of experimental protocols since data obtained using a 
standard protocol was unavailable. Consequently the ranking 
proposed by the authors was subjective.
Irritancy Skin and eye irritancy classifications are based 
on Draize test results.
Very Potent
Potent
Marginal
No Significant Effect
= Extremely severe 
= Severe 
= Moderate 
= Mild
= Practically non­
irritant
Oral LD50 Acute Oral Lethal Toxicity
Very Potent =
Potent =
Marginal =
No Significant Effect =
< 2 0  mg/kg 
2 0 - 2 0 0  mg/kg 
2 0 0 - 2 0 0 0  mg/kg 
> 2 0 0 0  mg/kg
Oral 90-day Long-term Toxicity (Equivalent oral dose in a 
90 day study)
Very Potent
Potent
Marginal
No Significant Effect
= <5 mg/kg/day 
= 5-50 mg/kg/day 
= 50-500 mg/kg/day 
= >500 mg/kg/day
150
Table 4.3.2
Compound
Toxicology Profiles Of Selected FRAME Compounds 
(Purchase et al 1987)
Irritancy Oral Oral 
Solvent Skin Eve LD^q 90-dav
Sodium Dodecyl Sulphate 
Anionic surfactant
W VP P M M
2 Benzalkonium Chloride W
Antibacterial, cationic 
surfactant
3 Cycloheximide ME
Antimicrobial, antifungal,
plant growth regulator.
4 2,4-Dichlorophenoxy- ME
acetic acid (2,4-D)
Herbicide, growth regulator.
5 Bendiocarb D
Broad spectrum insecticide, 
cholinesterase inhibitor.
6  p-aminophenol D
Paracetamol metabolite.
7 Chlorpromazine W
CNS tranquilliser.
8  2,4-Dinitrophenol D
Fungicide, wood preservative, 
used in dyestuff industry.
9 Methylparaben E
Preservative.
10 Phenylbutazone D
Non-steroidal anti­
inflammatory.
11 Butylated Hydroxy- E
Anisole (BHA)
Antioxidant, food additive.
12 6 -Methylcoumarin E
Fragrance, flavouring.
M
M
M
M
M
P M M
M P VP
M M M
NSE NSE P VP
M M
M P
M M P
M M NSE NSE
M M M
M NSE M
M M
W = Water ME = Methanol
VP = Very Potent, P = Potent,
NSE = No Significant Effect,
D = DMSO E = Ethanol
M = Marginal,
No Data Available
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either an increase in cell density produces contact inhibition 
and the proliferation rate slows, or, in the case of RTE cells, 
stratification occurs, and the graph plateaus when proliferation 
balances the desquamation of cells from the surface layers.
For the purposes of cytotoxicity testing, the log phase 
represents the fastest growth phase and therefore the most 
sensitive period for evaluating the possible effects of chemicals 
which may reduce the proliferation rate of the cells. In 
addition, the culture is in its most reproducible form since the 
fraction of cells in active growth is high (90-100%) (Freshney
1983). Therefore the cell plating densities were adjusted such 
that cells were treated with chemicals during this log phase.
Methods
The RTE 5 line was used in this series of experiments, and 
all cells were treated at passage 7.
Initial studies were performed where RTE cells were plated 
into 24-well plates at various concentrations, left overnight to 
attach, then examined 72 hours later for signs of stratification, 
in order to find an appropriate plating density such that cells 
were around 80% confluent but not stratified at 96 hours after 
plating. This would also mean that during the treatment period, 
i.e. 24 to 96 hours after plating, cells would be in the 
exponential phase of growth.
On the basis of these results (Fig. 4.3.1) a seeding 
density of 0.5 x 10^  cells/ml and 1 ml per well was selected, and 
using this seeding density, the RTE cells were treated with the 
various compounds using the FRAME protocol. The cells were
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exposed for 72 hours after which total bound cellular protein was 
assessed using the Kenacid Blue method.
A range finding experiment was first performed using 
1 0 , 1 0 0  and 1 0 0 0  pg/ml of each compound, then a narrower range 
of concentrations were tested to give a more accurate IC^ q value, 
which was repeated.
Results
Figure 4.3.1 shows the results of the initial experiment 
to assess an optimal plating density.
Table 4.3.3 gives a summary of the ICgQ results expressed 
as the mean of two separate experiments together with results 
obtained using BCL-DI fibroblasts from the FRAME cytotoxicity 
programme (Knox et al 1986).
In table 4.3.3 the chemicals are listed in order of 
increasing IC5Q value, to provide an overall impression. This 
should not be taken as an absolute ranking, since in many cases 
the IC5Q value of adjacent chemicals were not significantly 
different. All the dose-response curves produced were classically 
sigmoid in shape, however, the slopes varied considerably and 
listing by ICgg or ICqq value would have given a very different 
ranking order.
Chemicals such as 2,4-dichlorophenoxyacetic acid and 
sodium dodecyl sulphate produced very steep slopes indicating a 
very sharp cut-off after which all the cells in the population 
were affected within a very narrow concentration range. In 
contrast, bendiocarb and chlorpromazine produced much shallower 
curves,
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Figure 4.3.1 Growth Curves For RTE 5 Cells Plated At
Various Cell Densities
RTE 5 cells were seeded at various densities at time 0 
hours, then fixed at regular intervals and total attached protein 
was assayed using the Kenacid Blue dye binding method. The data 
represents the mean of three replicates with bars showing 
standard deviations.
Absorbance 
at 570 nm
2.0
5
0
0.5
0.0
0 18 24 48 72 96
Time after seeding (hours)
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Table 4.3.3 Comparison Of RTE 5 And BCL-D1 Cells With
In Vivo Irritancy Data
Cells were plated at the appropriate density, left 
overnight to attach, then treated with the test compound for a 
further 72 hours before fixing and staining with Kenacid Blue. 
Data represents IC^ g values in yg/ml. BCL-DI data is from FRAME 
(Knox et al 1986), and in vivo data (skin and eye irritancy and 
LDgg) from Purchase et al (1987).
Irritancy Oral
50Compound RTE 5 BCL-DI Skin Eye LD,
1 Cycloheximide < 1  . 0 0.3 P M P
2 Benzalkonium Chloride 7.6 2 . 0 M P M
3 Chlorpromazine 7.8 3.0 M M P
4 p-Aminophenol 14.5 8 . 0 M M M
5 2,4-Dinitrophenol 50 35 M M P
6 Butylated Hydroxyanisole 63 36 M M NSE
7 Bendiocarb 75 23 NSE NSE P
8 Sodium Dodecyl Sulphate 170 84 VP P M
9 6 -MethyIcoumarin 270 136 M - M
1 0 2,4-Dichlorophenoxy- 
acetic acid
280 301 M M M
1 1 Phenylbutazone 280 170 - M M
1 2 Methylparaben 570 161 M M NSE
Irritancy classifications are based on Draize test results 
derived from different species and using different protocols 
(Purchase et al 1987) since controlled data using a standard 
protocol was unavailable.
VP = Very Potent, P = Potent, M = Marginal,
NSE = No Significant Effect, - = No Data Available
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indicating that while some cells were affected at very low 
concentrations, others survived at very high concentrations. 
This could result from either a heterogeneous cell population, 
or adaptation to the test chemical.
Some of the chemicals were strongly acidic or alkaline 
in solution, and caused a significant change in the pH of the 
test solutions which exceeded the buffering capacity of the 
culture medium, as indicated by a change in the colour of the 
phenol red pH indicator in the medium.
In some cases, namely sodium dodecyl sulphate, 
methylparaben and BHA, when cells were treated with low 
concentrations of the compound which were slightly below toxic 
levels, they consistently demonstrated a level of proliferation 
of 10% to 20% higher than that of controls (Fig. 4.3.2).
When the ICgg values obtained in RTE cells are compared 
with those obtained using BCL-DI cells (Table 4.3.3), it can be 
seen that both cell lines gave essentially very similar results. 
For any given compound, the ICgg values obtained from either cell 
line did not differ from each other by more than a factor of 3.5. 
RTE cells were generally more resistant than BCL-DI fibroblasts.
Thes^in vitro data weve^then compared with data obtained 
in vivo in order to assess its predictive value. The aim of the 
FRAME programme was to assess the relative acute in vitro 
toxicities of chemicals, and therefore thèse-data haVe. been 
compared with acute in vivo toxicity data, i.e. skin and eye 
irritancy and LD^g data (Table 4.3.3).
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Figure 4.3.2 Cytotoxicity Testing
The graphs show concentration-response curves for three 
of the FRAME compounds using RTE cells. Sodium dodecyl sulphate, 
methylparaben and BHA consistently stimulated cell proliferation 
at low concentrations to 10-20% above control cultures.
Sodium Dodecyl Sulphate Methylparaben
% control % control
120 -
100 -
0 200 400 600 800 1000
V i g / m l
120
100 -
0 200 400 600 800 1000
u g / m l
Butylated Hydroxyanisole
% control
120 '
100 -
0 20 40 60 80 100
u g / m l
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In the case of the small number of chemicals tested in 
these experiments, there appeared to be no obvious correlation 
between ICgQ value and any of the classes of in vivo toxicity 
data presented. For benzalkonium chloride and chlorpromazine, 
the IC5Q values were extremely close in both cell lines, yet in 
vivo these compounds differ in their eye irritancy and LDgQ 
rating by one category. Also, sodium dodecyl sulphate had a 
comparable IC5Q rank in table 4.3.3 to compounds having marginal 
skin and eye irritancy, yet it is a very potent irritant in vivo.
Therefore, given the very limited data in table 4.3.3, 
it is not possible to define IC5Q categories in vitro to predict 
in vivo toxicity from these experiments.
Discussion
In conventional cytotoxicity testing, the range of 
chemicals that can be tested is limited to those that are soluble 
in culture medium. This precludes the testing of oils and 
particulates. Strongly acidic or alkaline solutions which exceed 
the buffering capacity of the culture medium may also cause 
problems in the interpretation of the results. Drastic changes 
in pH are directly toxic to cells since they have a very limited 
capacity for maintaining their internal acid/base balance when 
exposed to such extreme external environments. Therefore, for 
such compounds it cannot be determined whether the cells died as 
a result of the pH change or due to some other mechanistic effect 
related to the specific structure of the compound. This could be 
investigated further by using a culture medium with a stronger 
buffering capacity to maintain the normal pH in the presence of
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these compounds, however, this may be difficult to achieve 
without altering the osmolarity beyond its normal range.
In vivo, animals have far more complex and efficient 
homeostatic mechanisms, and would be expected to be better able 
to buffer against pH changes than cells in culture, especially 
following oral and intravenous administration. Consequently in 
these cases the in vitro models may be overly sensitive when 
assessing the systemic effects of irritant compounds, such as for 
example the bisphosphonates which are administered intravenously 
for the treatment of hypercalcaemia.
For topical irritancy testing, on the other hand, it is 
well established that extremes of pH are strongly irritant, and 
the severity of this reaction can be predicted from the pH using 
mathematical models (Walz 1985). The osmolarity of the test 
solution also has a bearing on this (Bosshard 1985). Thus for 
such compounds cell culture systems may more adequately reflect 
the in vivo direct toxicity.
With some compounds, namely sodium dodecyl sulphate, 
methylparaben and BHA, when cells were treated with sub-toxic 
concentrations, they consistently demonstrated a slightly 
increased extent of proliferation (1 0 % to 2 0 % higher than control 
values (Fig. 4.3.2)).
This stimulatory effect on growth (and various other 
physiological processes) of low levels of potentially toxic 
agents has been termed hormesis. When it was first identified 
almost 1 0 0  years ago, it was thought to occur generally and was 
termed the Arndt-Schulz Law. Indeed Paracelsus wrote in the 16th 
century that many substances which are toxic may be beneficial
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in small amounts. However, the law was criticised because it was 
too generalised and did not incorporate an explanation for the 
effect, and it fell into disuse. Since then numerous other 
examples which support the theory and justify a re-examination 
of the phenomenon have appeared in the literature and have been 
reviewed by Stebbing (1982).
Hormesis, which does not appear to be confined to specific 
classes of chemicals, has been reported with metals, simple 
salts, antibiotics, cyanide, hydrocarbons, croton oil, phenol, 
formaldehyde, inorganic acids and alkalis, polychlorobiphenyls, 
ammonia, arsenic, carbon tetrachloride, alcohol and pesticides. 
It has also been observed after exposure to ionising radiation 
(Sagan 1987). Hormesis has been identified in a diverse range of 
life forms including bacteria, yeasts, fungi, plants and algae, 
protozoa, multicellular invertebrates and a wide variety of 
vertebrates. It is also found to occur in cell cultures of 
hepatocytes exposed to methapyrilene (Gajjar 1986), human 
fibroblasts treated with surfactants (Benoit et al 1988) and 
human kératinocytes exposed to propranolol (Swisher 1989). The 
dose-response data in each of these situations has a consistent 
form, an increase above control levels within a narrow 
concentration range at immediately sub-toxic concentrations. 
This suggests a common explanation.
It is well known that low concentrations of certain 
chemicals can cause hyperplasia in vivo. For example peroxisome 
proliferators such as clofibrate produce liver enlargement in 
rats. The hepatocytes are targeted by these compounds where they 
cause a mitotic burst producing an increase in cell number
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(hyperplasia) (Cohen & Grasse 1981). A stimulation of DNA 
synthesis is also observed with nafenopin treatment of 
hepatocytes in culture (Bieri et al 1984, 1987).
Similarly, during skin irritation produced by low 
concentrations of surfactants in vivo, there is increased mitotic 
activity (Mier & Van den Hurk 1976), resulting in epidermal 
hyperplasia (Gibson & Teall 1983). The increased proliferation 
of RTE cells in response to treatment with low concentrations of 
irritant compounds could be the in vitro equivalent of this 
hyperplasia seen in vivo.
Sub-lethal concentrations of the chemical alter the target 
cells and force them into an activated state in an attempt to 
repair the damage. There is a change in the homeostasis of the 
cell which produces a shift in the control mechanisms at the sub- 
cellular level. These homeostatic control mechanisms are vital 
to cell survival and would be expected to be similar in various 
different organisms. This shift is the common end-point resulting 
from various types of damage which then precipitates a mitotic 
burst in the cells as a by-product that ultimately causes an 
increase in cell number (Professor Grasso, personal 
communication). The net effect is observed as cell proliferation 
in culture, hyperplasia when particular organs are targeted in 
vivo, and increased growth when the whole organism is affected.
When the ICgQ values obtained in RTE cells are compared 
with those obtained using BCL-DI cells (Table 4.3.3), it can be 
seen that both cell lines gave essentially very similar results. 
This similarity is not surprising bearing in mind that the 
endpoint selected for assessing toxicity was cell proliferation.
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This parameter is broadly affected by various mechanisms, and it 
would be expected that the basic cellular processes governing it 
would be very similar in different cell types. This is borne out 
by a study carried out by Reinhardt et al (1985) where 14 
chemicals were tested in three different cell lines using cell 
detachment and growth inhibition as endpoints. The cytotoxicity 
ranking order was similar in all three cell types and using both 
assays.
When the IC5Q values obtained are compared with the in 
vivo toxicity profiles (Tables 4.3.2 and 4.3.3), a number of 
factors need to be considered. The in vivo toxicity rating of 
any compound varies depending on its route of administration and 
the length of the treatment period. For example, bendiocarb has 
no significant effect in the Draize test for skin or eye 
irritancy, whereas it is classified as potent when administered 
orally in the LD^ q test, and its toxicity ranking increases to 
very potent when animals are dosed orally in a 90 day sub-chronic 
study.
In vitro tests may give an indication of the direct toxic 
potential of the compound, however, they cannot be expected to 
correlate precisely with a simple in vivo endpoint. Therefore, 
it is important to define which type of data the in vitro 
cytotoxicity tests propose to supplement before an in vivo/in 
vitro comparison can be made and the in vitro test validated.
Fry et al (1988) have recently drawn attention to the 
wide range of routes and species used in assessing the acute in 
vivo (LDgg) toxicities of chemicals. When making in vivo/in vitro 
comparisons, they have recommended the use of mouse
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intraperitoneal (ip) or intravenous (iv) LD^q data in preference 
to rat oral LD^q values, on the grounds that cells used in 
cytotoxicity tests are directly exposed to the test chemical, as 
are cells receiving the chemical by the ip or iv route in vivo, 
whereas only a fraction of an oral dose may become available in 
the systemic circulation.
This same problem of availability also applies to skin 
irritancy data, since in vivo some barrier function is present 
and affected cells do not receive all of the applied dose. 
However, in vivo, the topical and oral routes of exposure to 
chemicals, both intentionally and accidentally, are far more 
likely to occur than the intravenous route, and are therefore 
more relevant.
In addition, animals possess complex compensatory 
mechanisms for maintaining homeostasis when exposed to toxic 
insult, which tend to minimise the effects, and which cannot be 
compared with cellular mechanisms for efficiency. Therefore, on 
these grounds, in vitro cytotoxicity tests would be expected to 
be more sensitive than in vivo tests.
A complete set of data where a large number of compounds 
have been tested using the same species, route and treatment time 
for each type of in vivo study is not available. It should be 
noted that the comparison of potencies in table 4.3.2 has been 
made using data obtained in a number of species, including man, 
and involving a variety of experimental protocols. Potency 
comparisons should ideally be made using data derived from a 
standard protocol, but since such controlled data is not 
available, and standardised testing for the sole purpose of an
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in vitro/in vivo comparison would be unethical, some degree of 
judgement was used by the authors in arriving at the in vivo 
classifications (Purchase et al 1987).
Judgement has also been used in interpreting the severity 
of the reactions produced in the Draize test itself by the 
original experimenters. In addition, data obtained using the 
Draize test has not been fully validated with respect to its 
capacity for predicting human irritancy, and so an in vitro test 
which was 100% predictive of Draize test scores would not 
necessarily be as accurately predictive of the human hazard.
The in vitro cytotoxicity tests give results in terms of 
precise numerical values, whereas Draize test results are 
expressed in terms of descriptive categories, i.e. severe, 
moderate, mild. This makes an in vivo/in vitro comparison 
difficult. For a large database of compounds the numerical data 
could be divided into categories, however the problems lie in 
deciding where the boundary between one category and the next 
should be. When testing a limited set of compounds with known in 
vivo toxicities, the setting of these boundaries can be optimised 
to fit the known data, however, when testing novel chemicals, 
this exercise is more difficult. The distinction between severe 
and mild irritants is much easier to make (and is more important 
in terms of human risk assessment) than between moderate and mild 
irritants, and this applies both in vivo and in vitro. However, 
this labelling distinction has drastic consequences on the 
legally recommended procedures for the subsequent handling, 
storing, packaging, and transporting of chemicals (EEC Directive 
83/467/EEC, 1983).
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In the case of the limited data in Table 4.3.3, it would 
be impossible to assign categories for ICgg values for predicting 
skin or eye irritancy in vivo, or indeed oral toxicity.
In general, the lower the ICgg concentration, the more 
toxic the compound would be expected to be in vivo. However, for 
oral administration in particular, this generalised concept 
ignores pharmacokinetic factors which influence the distribution 
of the chemical in vivo, which has a profound affect on its 
toxicity. It also ignores target organ specificity, in that some 
cell types are more resistant or more vulnerable to certain types 
of toxins than others, and this cannot be easily extrapolated 
from studies on other cell types. Therefore, a certain number of 
false positive and false negative results are bound to arise when 
assessing in vitro/in vivo correlations.
Chemicals giving false negative results in vitro would 
normally proceed to a further stage in the testing strategy where 
they would be correctly identified at a later stage in 
development. In the case of false positive compounds, however, 
these would be eliminated at the initial stage of testing and 
potentially useful chemicals could be lost. This illustrates 
some of the pitfalls involved in the interpretation of such data 
and the wide extrapolation of results based on a limited number 
of known test compounds.
This series of compounds was selected to have a wide range 
of chemical structures and diverse mechanisms of action. However, 
it may be unrealistic to expect a single test using one endpoint 
to be able to distinguish between them all, and erroneous to 
compare them to each other using their IC^ g rating.
165
It may be more fruitful to select a battery of tests 
encompassing a variety of specific toxic mechanisms to give a 
broader evaluation of toxicity. A number of appropriate endpoints 
could then be selected which reflect some aspect of the toxicity 
observed in vivo (Reinhardt 1987), and this would greatly 
facilitate the interpretation of the resulting data. Each 
specific test could be further validated by testing a series of 
known related compounds to build up a database of structure- 
activity relationships against which new compounds could be 
compared. Using such a battery of tests, consistent agreement on 
the level of toxicity given by several different endpoints would 
indicate a more general toxicological phenomenon, for example an 
effect on the energy levels within cells will affect a large 
number of diverse cellular functions equally. On the other hand, 
when the toxicity rating of a chemical varies depending on which 
test is used, this may give some insight into the mechanism by 
which the compound exerts its action.
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4.4 Surfactant Toxicity In RTE Cells
Introduction
The use of cultured cells for the prediction of potential 
toxicity in yiyo raises a number of questions regarding their 
interpretation (see chapter 4.3). In the preyious study, a large 
number of structurally and mechanistically diyerse compounds were 
tested using cell proliferation as the endpoint in RTE 
kératinocytes. These were then compared with yarious classes of 
in yiyo data in an attempt to find a degree of correlation, which 
was not obyious from the range of compounds used.
Questions were raised as to the yalidity of comparing the 
toxicities of such diyerse compounds to each other by ICgg rank 
order, since the hierarchy in which toxic mechanisms produce 
cell death may be yery different in yiyo. The choice of endpoint 
was cell proliferation, which is broadly affected by yarious 
mechanisms which presumably operate in a similar way in all 
cells, and different cell types gaye essentially the same 
results, so the test gaye no indication of the mechanism by which 
the cells died. This causes problems in interpreting the results 
of the test, since "toxicity" in terms of ICgg ranking is too 
broad a term, and is difficult to relate to any specific 
phenomenon which occurs in yiyo. As a result, when comparing in 
yiyo/in yitro data for the purposes of yalidation, it is 
difficult to decide which type of in yiyo data the in yitro test 
should be compared with.
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When designing in vitro tests, there is a need for greater 
specificity in defining the purpose of the test, i.e. which type 
of in vivo data it proposes to supplement, and which types of in 
vivo toxicity mechanisms it can model (and therefore which types 
of compounds it can screen for).
In the following studies, it was decided to select a 
number of related chemicals with a similar mechanism of action 
and known in vivo toxicity and to investigate their structure- 
activity relationships in order to create a database against 
which other structurally related chemicals could be compared.
Surfactants were selected as a group since they are 
commonly used in commercial formulations such as emulsifiers, 
detergents and cosmetics. As such, human skin is widely exposed 
to these chemicals which frequently cause toxicity in the form 
of skin irritation.
Three groups of chemicals were selected to give a range 
of mild to severe irritancy, as judged by in vivo experiments. 
The cationic detergents used were the trimethylammonium bromides 
(TMAB's); dodecyl, tetradecyl, hexadecyl and mixed alkyl TMAB 
(primarily Cl 4 with some 012 and 016). The anionic surfactant 
used was sodium lauryl sulphate, of which two degrees of purity 
were used, the lauryl sulphate (SDS 010-014) which contains a 
mixture of alkyl chains from 010 to 014 as by-products of the 
manufacturing process, and the dodecyl sulphate (SDS 012) which 
was chemically defined as 99% pure 012. The non-ionic surfactants 
used were the polyoxyethylene sorbitans; Tweens 20, 40, 60, 80 
and 85.
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These compounds act by lowering surface tension and 
primarily affect biological membranes causing leakiness and 
disruption at higher concentrations. It is well accepted that the 
release of enzymes from cells is a good marker for cellular 
injury, and this endpoint also indicates an effect on biological 
membranes. In experiments by Gibson and Teall (1983), rabbits 
were treated with sodium lauryl sulphate and the ensuing skin 
irritation was observed both visibly and histologically by taking 
sections of the exposed skin at fixed time intervals after 
treatment. It was found that the release of various enzymes 
including acid phosphatase (AP) and lactate dehydrogenase 
parallelled the development of visible signs of skin irritation 
such as erythema and oedema. In humans, AP is found in the 
lysosomes and membrane coating granules of the epidermis, and 
both the density of these granules and the amount of AP measured 
are increased when human skin is irritated by detergent solutions 
(Rutherford & Pawlowski 1974, Niggli & Rothlisberger 1986). For 
this reason, AP activity was measured in the RTE cells after 
surfactant treatment as an in vitro endpoint which reflected one 
aspect of the in vivo response occurring during irritation.
In vivo, the time course for the development of signs of 
irritation is short, in the range of hours, and so in the culture 
system, AP was measured after 4 hours of treatment to reflect the 
in vivo situation as closely as possible. This was measured in 
whole cells whilst attached to the culture plate using p- 
nitrophenylphosphate (pnpp) as substrate, according to the method 
of Niggli and Rothlisberger (1986). The cells were then 
solubilised in 1M NaOH and the protein content of the wells
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determined using the Bio-Rad method.
In addition, a cell proliferation assay was performed, as 
in the previous set of experiments, where cells were treated 
with the test compound for three days. At the end of this time, 
proliferation was assessed by two different assays which were 
performed sequentially. Cell viability was first measured using 
the neutral red assay (NR) (Borenfreund & Puerner 1985). NR is 
a vital dye which is actively taken up into the lysosomes of 
viable living cells, and this assay gives an indication of 
lysosomal status. The last step in the assay was destaining, a 
process which also fixed the cells, and so the kenacid blue assay 
(KB) could then be used to measure total adhered protein as in 
the FRAME cytotoxicity programme (Knox et al 1986).
RTE cells were used at passages 10 to 16 in a series of 
experiments where the cells were grown in various ways and 
surfactant toxicity assessed using the same three assays. 
Comparative toxicity in the 3T3-L1 fibroblast cell line was also 
assessed since fibroblasts are the major cellular component of 
dermis.
1. RTE monolayers
2. A comparison of RTE kératinocytes and 3T3-L1 
fibroblasts as monolayer cultures
3. Stratified RTE cultures
4. Stratified RTE cells cultured on collagen gels
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1. Surfactant Toxicity In RTE Monolayers
Method
RTE cells will stratify and differentiate in culture, and 
the sensitivity of differentiated cells to toxic insult may 
differ from that of basal cells. Therefore in the first 
experiment the cell plating densities were adjusted so that cells 
were around 90% confluent but not stratified during treatment to 
simplify the system and ensure that the exposed cell population 
was homogeneous. This was determined as a plating density of 
2x10^ cells per well for 4 hours treatment, and 1x10^ cells per 
well for 3 days treatment. The volume of culture medium being 
kept constant at 1 ml per well. Cells were plated in 24-well 
culture plates, left for 24 hours to attach, then treated with 
the detergents diluted in culture medium in triplicates for the 
appropriate times before assaying for AP, NR and KB.
Results
After 4 hours the protein content of wells treated with 
SDS (C10-C14) and SDS (C12) fell with increasing surfactant 
concentration to between 40% and 50% of control wells at 1.0 
mg/ml. However, with the TMAB's and Tweens, the protein content 
did not vary with treatment up to 1 . 0  mg/ml.
The AP activity of cells treated with the TMABs and SDSs 
increased to a sharp peak of 2 to 3 times control values with 
increasing surfactant concentration, then fell equally sharply 
to below control values (figures 4.4a and 4.4b, table 4.4.1).
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Legend To Figures 4.4a And 4.4b
Acid Phosphatase Activity In RTE Monolayers 
After Surfactant Treatment
RTE cells were treated with surfactants for 4 hours then 
AP activity was determined in the cells. The d a t a t h e  mean of 
3 experiments with 4 replicates per dose group in each 
experiment.
* = Statistically significant from controls by a weighted 
modification of Student's t-test (p < 0.05)
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Figure 4.4.b
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Peak AP activity occurred at 0.1 mg/ml for all of the 
TMABs, whereas for the SDSs this peak occurred at a higher 
concentration (0.5 mg/ml for SDS (C10-C14) and 0.25 mg/ml for SDS 
(Cl 2)) . No AP peak was detectable with the Tweens, except in the 
case of Tween 20 where a small peak occurred at the highest 
concentration used (1.0 mg/ml). When these results are tabulated 
(Table 4.4.1) this gives a toxicity ranking order of TMABs > SDSs
> Tweens.
The results for NR uptake and KB staining are summarised 
in table 4.4.2 which gives the ICgQ values (the concentration at 
which the response was reduced to 50% of control values) in mg/ml 
for each compound. The concentration-response curves were very 
similar for the two endpoints for each of the compounds tested, 
and this is reflected in the similarity of the IC^q values 
obtained using the two assays for all the compounds. Both gave 
a classically sigmoid shape for all compounds except for Tween 
85, where levels at 1.0 mg/ml were not significantly different 
from controls. The rank order of toxicity was again TMABs > SDSs
> Tweens, with a difference in the ICgQ value of one order of 
magnitude between consecutive groups, excepting that the toxicity 
of dodecyl TMAB was closer to that of SDS than the other TMABs.
In terms of structure activity relationships within each 
group of surfactants, there was insufficient data to make 
categorical statements, but there did appear to be a trend of 
decreasing toxicity with increasing alkyl chain length with the 
Tweens. Tween 20, however, had a paradoxically low NR ICgg value 
with regard to its position in the series, but was the only 
member of the series to show AP release at Img/ml.
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Table 4.4.1 Peak Acid Phosphatase Activity in RTE Monolayers
RTE cells were treated with surfactants for 4 hours after 
which AP activity was determined. The table gives the 
concentration of surfactant at which peak AP activity was 
recorded and the size of the peak (% control) . The data 
represents the mean of 3 separate experiments with 4 replicates 
per group in each experiment.
Compound mg/ml % Control
Cationic
Dodecyl TMAB 0 . 1 230 + /- 9
Tetradecyl TMAB 0 . 1 295 +/— 9
Hexadecyl TMAB 0 . 1 323 +/- 32
Mixed Alkyl TMAB 0 . 1 217 + /- 2 0
Anionic
SDS C10-C14 0.5 2 1 2 + /- 1 0
SDS Cl 2 0.25 276 + /- 25
Non-ionic
Tween 20 1 . 0 158 +/- 9
Tween 40 No Peak
Tween 60 No Peak
Tween 80 No Peak
Tween 85 No Peak
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Table 4.4.2 Neutral Red And Kenacid Blue ICrp Values In RTE 
Monolayers And 3T3-L1 Fibroblasts
Cells were treated with surfactants for 3 days after which NR 
and KB were determined. The RTE results represent the mean of two 
separate experiments, and the 3T3-L1 results the mean of three 
separate experiments, with 4 replicates per treatment group in 
each case. The ICgQ value indicates the concentration in mg/ml 
at which NR and KB were reduced to 50% of control values. The 
asterisk denotes data obtained from FRAME using an identical 
protocol (Clothier et al 1988).
Compound Neutral Red Kenacid Blue
Cationic
RTE 3T3-L1 RTE 3T3-L1
Dodecyl TMAB 0.027 0.0015 0.025 0.0006
Tetradecyl TMAB 0.0057 0.00046 0.0054 0.00018
Hexadecyl TMAB 0.0029 0.00065 0.0034 0.00025
Mixed Alkyl TMAB 0.0080 0.00055 0.0072 0 . 0 0 0 2 1
Anionic
SDS Cl 2 0.073 0.061 0.088 0.065
SDS C10-C14 0.075 - 0.085 0.094*
Non-ionic
Tween 20 0.59 - 0.44 0.262*
Tween 4 0 0 . 2 1 - 0.23 0.159*
Tween 60 0.34 - 0.32 0.244*
Tween 80 1 . 0 - 0.89 0.619*
Tween 85 > 1 . 0 - > 1 . 0 0.507*
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2. Comparison Of Surfactant Toxicity In RTE Monolayers And
3T3-L1 Fibroblasts
In these experiments, the results obtained in RTE 
kératinocytes were compared to those obtained in 3T3-L1 
fibroblasts, an established line derived from mouse embryo (ATCC 
code CCL 92.1). Fibroblasts are the major cellular component of 
dermis in vivo, and the comparison would determine whether the 
RTE keratinocyte line was more sensitive than a fibroblast line 
using the three endpoints. In addition, the 3T3-L1 line has been 
extensively used in the FRAME cytotoxicity programme, and this 
information would add to the FRAME database.
Method
The test protocol was identical except that because 
fibroblasts tend to spread more on plastic than kératinocytes, 
the plating densities were adjusted to achieve the same degree 
of confluency (90%) during treatment. 3T3-L1 fibroblasts should 
not be allowed to become superconfluent since this alters their 
metabolism, one manifestation of which is lipid vacuolation 
(Sommercorn & Krebs 1987), and this may also affect their 
response to detergents. 3T3-L1 cells were plated at 4x10^/ml for 
4 hours treatment, and 2x10^/ml for three days treatment, using 
1 ml per well in 24-well plates.
AP activity was determined in 3T3-L1 cells after treatment 
with dodecyl, tetradecyl and hexadecyl TMAB, compounds which were 
the most potent in producing peak AP activities of 2 to 3 times 
controls in RTE cells.
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Results
In both cell types and with all three TMABs, the protein 
content of the wells did not change with surfactant treatment up 
to an exposure level of 1.0 mg/ml. However, due to the lower 
seeding density for 3T3-L1 fibroblasts the protein estimations 
for these cells were close to the limits of detection for the 
assay used (<10 pg/ml BSA standard, using Bio-Rad method) and in 
some experiments this led to large variations between replicates.
Therefore in the pooled data for AP activity in 3T3-L1 
cells (figure 4.4c), more accurate information was obtained from 
the absorbance readings for p-nitrophenol (pnp), the product of 
the reaction, which is expressed as a percentage of control 
wells.
Control AP activity was similar in both cell types at 5 
to 10 nmoles pnp/minute/mg protein. Whereas in RTE cells a peak 
of activity was produced with surfactant treatment, AP activity 
in 3T3-L1 fibroblasts did not rise above control values, but 
tended to decline with increasing TMAB concentration.
However, there was a 5-fold difference in the plating 
densities used for the two cell lines. This may have influenced 
AP activity, since the degree of confluency has been known to 
affect the activities of other enzymes such as prolidase and 
prolinase (Myara et al 1985a). Therefore AP activity was 
determined in 3T3-L1 cells plated at various densities. It was 
found that activity remained at control levels of 5 to 7 nmoles 
pnp/minute/mg protein for plating densities of 1 x 1 0 ^/ml to 
32x1 oVml.
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Figure 4.4c Comparison Of AP Activity In RTE Monolayers And 
3T3-L1 Fibroblasts After Treatment With TMABs
Cells were treated with surfactants for 4 hours then AP 
activity was determined in the cells. The data is the mean of 3 
experiments for RTE cells (calculated as nmoles pnp produced/ 
minute/mg protein as % control) and the mean of 2  experiments for 
3T3-L1 cells (calculated as nmoles pnp produced/minute/well as 
% control), with 4 replicates in each treatment group.
* denotes statistically significant from controls by a 
weighted modification of Student’s t-test (p < 0.05)
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In RTE cells, however, the AP peak was only produced after 
challenge with detergent, so a further check was performed where 
3T3-L1 cells were treated with SDS (Cl 2) after plating at the 
same density used for RTE cells. AP activity still remained at 
control levels and no peak was produced with SDS treatment.
Table 4.4.2 gives IC5Q values in mg/ml for NR and KB in 
the two cell lines for each detergent. Some of th^s^data we»^ 
obtained from FRAME (Clothier et al 1988). The rank order of 
toxicity between the different surfactant groups was the same in 
both cell lines, i.e. cationic > anionic > non-ionic, with a 
difference of at least one order of magnitude in the IC5Q values 
for consecutive groups. The two cell lines were equally sensitive 
to the anionic SDSs and non-ionic Tweens, however, the 3T3-L1 
fibroblasts were more sensitive to the TMABs than RTE 
kératinocytes, by one order of magnitude.
3. Surfactant Toxicitv In Stratified RTE Cultures
In these experiments RTE cells were treated as stratified 
cultures grown on plastic. Stratification in culture is a 
specialised feature of kératinocytes which is not observed with 
any other cell type, and is also a feature which can be 
correlated with keratinocyte function in vivo. This may prove to 
be an advantage for their use as in vitro models for skin.
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Method
Cells were seeded in 6 -well culture plates at a density 
designed to achieve 90% confluency after 24 hours, i.e. 5.5x10^ 
cells/ml, 2ml per well. These were allowed to grow and stratify 
for 14 days, at which stage the cultures were typically 3 to 5 
cell layers in thickness. The cells were then treated in 
triplicates with three surfactants; tetradecyl TMAB, SDS (Cl 2) 
and Tween 40, which were representative of their respective 
groups, i.e. cationic, anionic and non-ionic. The concentrations 
used were selected to encompass those producing the AP peak and 
the NR ICgQ value in RTE monolayers.
Stratified cultures were treated for 4 hours before AP 
activity was measured and 3 days before measuring NR, as before. 
The KB assay was omitted at this stage since in previous studies 
the IC5 0 values obtained were very similar to those from the NR 
assay, and both assays essentially gave a measure of cell number.
Results
The results for AP activity are shown in figure 4.4d and 
table 4.4.4. The graphs for the stratified cultures were similar 
to those produced in monolayers. For tetradecyl TMAB AP activity 
rose to 221% of control values at 0.1 mg/ml, and for SDS (Cl 2) 
the peak was 175% at 0.5 mg/ml, whereas with Tween 40 AP activity 
did not vary from controls on treatment up to a concentration of 
1 . 0  mg/ml.
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Figure 4.4d Acid Phosphatase Activity After Surfactant 
Treatment In Stratified RTE Cultures Grown On 
Plastic
RTE cells were plated to give 90% confluency onto plastic culture plates 
and allowed to stratify for 2  weeks before treating with detergents in 
triplicates for 4 hours and measuring AP activity.
Tetradecvl TMAB SDS (Cl 2)
% Control % Control
380-
300-
200 -
1 0 0
0.001 0.01 0.1 1 . 0
mg/ml
300-
200-
100 -
0.001 0.01 0.1 1 . 0
mg/ml
Tween 40
% Control
380-
300-
200 -
1 0 0 -
0 . 0 0 1 0 . 0 1
mg/ml
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When cells were treated with the highest concentration of 
SDS (Cl 2), the cell layer detached completely from the plastic, 
but remained intact. AP activity could still be measured in this 
cell sheet, and the results are shown as broken lines. This is 
comparable to the situation in monolayers where the protein 
concentration fell to 40%-50% of control levels in wells treated 
with 1 .0 mg/ml SDS (C12) . This effect on attached protein was not 
seen with either the TMABs or the Tweens up to concentrations of 
Img/ml in both RTE cells and 3T3-L1 fibroblasts.
The results for neutral red are summarised in table 4.4.3. 
Once again the rank order of toxicity was cationic > anionic > 
non-ionic, with a clear difference in the ICgQ values of more 
than one order of magnitude. The IC5Q values for tetradecyl TMAB 
were very similar in monolayers and stratified cultures, however 
for SDS (C12) and Tween 40, the IC5Q was much lower in monolayers 
than in stratified cultures, indicating that stratification had 
a protective effect with these two detergents.
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Table 4.4.3 Summary of neutral red ICrg values in RTE cells
exposed to detergents
RTE cells were plated to give 90% confluent monolayers. 
Stratified cultures were allowed to grow for an additional 2 
weeks. Cultures were exposed to detergents in triplicates for 3 
days before neutral red uptake was measured in the cells 
according to the method of Borenfreund & Puerner (1985). The data 
gives ID^q values in mg/ml.
IC5 0- (ma/ml)
Surfactant Monolayers Stratified 
On Plastic
Tetradecyl
TMAB
(cationic)
0.0057 0.0045
SDS (Cl 2) 
(anionic)
0.073 0.25
Tween 40 
(non-ionic)
0 . 2 1 > 1  . 0
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4. Surfactant Toxicity In Stratified RTE Cells Grown On
Collagen Gels
In these experiments, RTE cells were cultured on free- 
floating collagen gels, such that the cells were fed by medium 
drawn through the base and sides of the collagen gel, which is 
physiologically closer to the situation in vivo, rather than from 
above the cell layer, as is the case in conventional cultures 
grown on plastic. The cells were allowed to stratify before being 
treated with the same three detergents used in the previous 
experiment.
Method
Collagen gels were cast in 6 -well culture plates using 
1.0ml collagen, 0.165ml O.IM NaOH and 1.0ml culture medium (see 
Methods section 3.1.8 for details). These were allowed to set for 
an hour before plating RTE cells on top at 5.5x10^ cells/ml, 2ml 
per well. Cultures were left overnight to attach before changing 
the medium and loosening the gels from the base of the wells so 
they were free-floating, but submerged, in medium. Releasing the 
gels was necessary because the presence of the cells caused them 
to contract, and if the gels remained attached to the plastic 
they tended to fold over. This releasing action also prevented 
migration of kératinocytes from the gels onto the culture plate, 
which also distorted gel contraction.
Cultures were left for two weeks to stratify, and during 
this time the gels contracted from 3.5cm to 1.0cm in diameter, 
however, contraction was not always even, and so it was difficult
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to ascertain the typical number of cell layers present. The 
cultures were then treated in triplicate with the same 
concentrations of the three detergents used in the previous 
experiment and AP activity and NR uptake were assessed as before.
Results
Some problems were encountered in assaying AP and NR due 
to the presence of the collagen gels. The gels tended to retain 
culture medium within their mesh, which could not be easily 
washed out, and vigorous washing was unproductive since this 
tended to disrupt the cell layer attached to the gel.
When the AP assay was performed, there was some carry over 
when the reaction mixture was sampled for spectroscopy and added 
to NaOH which was visualised as a colour change to pink, due to 
the presence of phenol red indicator in the medium, instead of 
the usual yellow due to the pnp product. Similarly for protein 
measurements, the gels were easily solubilised in 1M NaOH, 
however the solution turned pink/brown. Therefore the absorbance 
spectra were scanned for culture medium, the AP substrate 
reaction mixture, the pnp product and the Bio-Rad protein 
reagent, and it was established that there was no crossover, i.e. 
culture medium did not absorb significantly at the wavelengths 
where maximal absorbance occurred for pnp (400nm) and Bio-Rad 
(595nm) . Once this was established, the assays were performed in 
the usual way.
The results for AP activity are shown in figure 4.4e and 
table 4.4.4.
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Figure 4.4e Acid Phosphatase Activity After Surfactant 
Treatment In Stratified RTE Cultures Grown On 
Collagen gels
RTE cells were plated to give 90% confluency onto collagen 
gels and allowed to stratify for 2  weeks before treating with 
detergents in triplicates for 4 hours and measuring AP activity.
Tetradecvl TMAB SDS (C12)
% Control % Control
380-
300 -
200 -
.001 0.01
mg/ml
380-
300-
200-
100 -
0.001 0.01
mg/ml
Tween 40
% Control
380-
300-
200 -
1 0 0 -
0.01
mg/ml
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Table 4.4.4 Summary of acid phosphatase activity in RTE
cells exposed to detergents
RTE cells were plated to give 90% confluency either on 
plastic or on collagen gels. Stratified cultures were allowed to 
grow for an additional 2 weeks. Cultures were exposed to 
detergents in triplicates for 4 hours before AP was measured in 
the cells according to the method of Niggli & Rothlisberger 
(1986). The data gives the concentration of detergent in mg/ml 
producing peak AP activity and the size of the increase.
Surfactant Monolayers Stratified 
On Plastic
Stratified 
On Collagen
Tetradecyl
TMAB
(cationic)
0.1 (230%) 0 . 1  (2 2 1 %) 1.0 (241%)
SDS (Cl 2) 
(anionic)
0.25 (276%) 0.5 (175%) 1 . 0  (182%)
Tween 40 
(non-ionic)
No Peak No Peak No Peak
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Tween 40 treatment had no effect on AP, as before. Both 
SDS (Cl 2) and tetradecyl TMAB produced a peak of activity at the 
highest concentration used, 1 .0 mg/ml. When these results are 
compared to those obtained in monolayers (figure 4.4a and 4.4b) 
and stratified cultures grown on plastic (figure 4.4d), it 
appears that the concentration-response curves for cells on 
collagen have shifted to the right, and that growth on collagen 
has a protective effect.
After three days exposure, NR uptake was measured. The 
highest concentrations of SDS (Cl 2) (0.5 mg/ml) and Tween 40 (1.0 
mg/ml) caused the cell layer to detach from the gel, however, 
uptake could still be demonstrated in the detached cell layer. 
Stratified RTE cells seemed to adhere to plastic much more 
tightly than they did to collagen, even in untreated cultures.
Control gels (without cells plated on top) consisted of 
an open mesh of collagen (see section 4.4.1 for histology) which 
tended to dissolve in the NR destain which was acidic. The 
problem was reduced when cells were cultured on top since this 
caused the gels to contract so the resultant structure was more 
compact and held together by the cell layer. However, due to the 
large variability in gel contraction, and thus the susceptibility 
to dissolution in the NR destain, the data could not be reliably 
expressed as percent control, and it was impossible to obtain 
ICgQ values. However, there was a clear dose-response 
relationship of decreasing NR uptake with increasing surfactant 
concentration, with all three compounds.
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Discussion
Cultured RTE kératinocytes, whether they are grown as 
monolayers or stratified cultures, on plastic or on collagen, 
appear to be able to model the in vivo situation in reproducing 
the increase in AP measured after treatment with surfactants. 
This is consistent with data produced in the rabbit (Gibson & 
Teall 1983, Lindberg & Grundin 1987) and in humans (Rutherford 
& Pawlowski 1974, Niggli & Rothlisberger 1986). Furthermore, AP 
activity appears to be an early indicator of toxicity in RTE 
cells, since effects were produced within 4 hours of treatment.
With SDS and the TMABs, increasing surfactant 
concentration produced a peak of AP activity to between two and 
three times control activity followed by a drop to below control 
levels. The rise may represents an increase in both lysosomal and 
plasma membrane permeability after treatment which facilitates 
substrate entry into the cells (the product p-nitrophenol is 
freely diffusible across cellular membranes). The fall in AP is 
probably due to leakage of the enzyme out of the cells during 
exposure to high surfactant concentrations.
When 3T3-L1 fibroblasts were tested, control AP activity 
was similar to that in RTE cells, however, this did not change 
with TMAB treatment up to concentrations of 1mg/ml. Therefore, 
it appears that there is a real difference between the two cell 
lines in the way that latent AP activity is readily expressed in 
kératinocytes but not in fibroblasts in response to detergents. 
This implies that AP may be a specific indicator of toxicity in 
kératinocytes, a view which is further substantiated by the work 
of Gibson and Teall (1983) which suggests that much of the enzyme
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activity released during skin irritation produced by SDS in rat 
skin originates from the epidermis rather than the dermis. 
Additionally, it appears that 3T3-L1 cells are more sensitive to 
TMAB toxicity than RTE cells by one order of magnitude. These are 
major differences between the two cell lines, which should be 
borne in mind in the selection of cell lines as suitable in vitro 
models for irritancy testing.
At the appropriate concentrations tested, both SDSs and 
all the Tweens produced growth hormesis, i.e. an increased 
proliferation rate of 1 0 % to 2 0 % above control cultures, as 
judged by neutral red uptake in RTE monolayers after 3 days 
exposure. This is consistent with the increased mitotic rate 
observed in vivo after irritation produced by SDS (Gibson & Teall 
1983, Lindberg & Grundin 1987). It is possible that a similar 
effect could have been demonstrated with the TMABs if a lower 
concentration range had been used.
In vivo, during skin irritation produced by surfactants, 
the activity of AP and other lysosomal hydrolases appears to be 
related to epidermal repair. There seems to be an association 
between AP activity and increased mitotic activity (Mier & Van 
den Hurk 1976), as well as epidermal thickening (Gibson & Teall 
1983). In vitro, and in most cell types, AP is located in the 
lysosomes, but in skin, where lysosomes are absent from fully 
keratinised cells, AP activity is localised in the membrane 
coating granules of the stratum granulosum (Rutherford & 
Pawlowski 1974). It is established that thickening of the stratum 
granulosum is required for maximum expression of AP activity 
(Gibson & Teall 1983).
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Compared with monolayer cultures, stratification of RTE 
cells had a protective effect against SDS (C12) and Tween 40 
toxicity. Both detergents showed a reduction in neutral red IC^ , 
with stratification, however, tetradecyl TMAB did not (table 
4.4.4) . This difference in IC5Q with two of the detergents but 
not the third indicates that they may be exerting their toxicity 
by different mechanisms. In contrast, stratification had little, 
if any, effect on the expression of AP activity.
Growth of stratified cells on collagen similarly had a 
protective effect, as demonstrated by a shift in the dose- 
response curve for AP activity to the right, for both tetradecyl 
TMAB and SDS (Cl 2). This could be due to the medium retaining 
property of the collagen gels. Culture medium contains a 
significant proportion of protein which is added as foetal calf 
serum. This acts as a detoxifying agent by binding to the 
detergent and lowering the free concentration which is 
responsible for toxicity (Benoit et al 1987).
NR uptake could not be assessed in cells grown on
collagen, since the gels tended to dissolve in the acidic NR
destain. The gels were composed of a loose mesh which tended to 
contract unevenly when cells were plated on top, which led to 
variations in the susceptibility to dissolving in destain. The 
situation could be improved by using more compact gels (by
increasing the concentration of collagen used to cast the gels)
which would produce more uniform contraction when cells were 
plated on top. Additionally, the gels could be fixed in 10% 
neutral buffered formalin before destaining which may protect 
them against dissolving. This would also preserve the attached
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cell layer allowing both the determination of NR uptake and more 
vigorous washing to remove culture medium trapped within gels.
The growth of cells on collagen gels raised to the air- 
medium interface was attempted as it was thought this might 
facilitate the direct treatment of cells with compounds which 
were incompatible with culture medium, such as oils, emulsions 
and particulates. However, technical difficulties were 
experienced in maintaining the level of the medium at the correct 
height, and raised cultures were more prone to both bacterial and 
fungal infection. The raised cultures did not proliferate as much 
as the submerged cultures on collagen, and tended to show signs 
of considerable damage (see section 4.1 for histology) due 
probably to the combined effects of dessication and high oxygen 
tension (proliferation in cultured human kératinocytes is also 
inhibited by high oxygen tensions, Karasek 1966). For these 
reasons the experiment was abandoned and such a system is not 
recommended for routine toxicity testing.
One solution to this problem would be to use the agar 
overlay technique where the test material is incorporated into 
an agar gel poured directly onto the cell surface, from which it 
diffuses out slowly. Solid test materials can also be tested by 
placing directly on top of the gel, such as with plastics (Grasso 
et al 1973).
With all three endpoints (AP, NR and KB) the rank order 
of toxicity observed in RTE cells cultured in various ways, and 
3T3-L1 fibroblasts was the same. The cationic TMABs were the most 
toxic group, then the anionic SDS with the non-ionic Tweens being 
the least toxic, with a clear margin between each group.
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This ranking order has been observed in several in vitro 
tests for eye irritancy, such as bovine corneal opacity (Igarashi 
1987), inhibition of spontaneous contractions in rabbit ileum 
(Muir 1984) and vascular changes in the hen's egg chorioallantoic 
membrane, amongst others (Scaife 1985). The same order also holds 
true when these compounds are tested for eye irritancy in rabbits 
using the Draize test (Muir 1985).
Very little data available in the literature for skin 
irritancy in vivo with different classes of surfactants, which 
is surprising considering their widespread use, and so a 
meaningful comparison is impossible. However, summarising the 
data appearing in RTECS (Lewis & Tatken 1980) which is taken from 
several species including man, it appears that the same ranking 
order holds true in vivo. The cationic compounds are the most 
toxic, hexadecyl TMAB produced skin irritation in the mouse after 
only one hours treatment; SDS is the next toxic producing a 
moderate skin reaction in several species (dog, mouse, rabbit and 
man) after 24 hours dosing, and the Tweens are the least toxic. 
Tween 80 causing only a mild reaction after 3 days application 
(15 to 50mg of each compound were used in these studies). An 
isolated study in humans by Imokawa and Mishima (1979) where 
skin roughness was induced by surfactant treatment also indicates 
the same order of potency of cationic > anionic > non-ionic.
Therefore with a series of related compounds such as 
surfactants this test system is able to discriminate between 
different chemical groups with some degree of accuracy, however 
its predictive value in assessing unrelated compounds remains to 
be evaluated.
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4.5 Unscheduled DNA Synthesis in RTE cells
Introduction
The purpose of this project was to assess the RTE 
keratinocyte cell line as an experimental in vitro model for skin 
toxicity testing. Carcinogenesis is an important aspect of
toxicology, and the study of neoplastic changes in skin, and in 
kératinocytes in particular, is relevant for several reasons. 
Firstly, the skin, being in continuous direct contact with the 
environment, is one of the major routes of exposure to 
environmental and occupational carcinogens in vivo. Secondly, 
chemical carcinogens commonly show organ specificity for tumour 
induction, so it is important to investigate the effects of
carcinogens in the relevant target tissue (Reiners et al 1983). 
Thirdly, the majority of chemically induced skin cancers in both 
experimental animals and human populations originate in the 
epidermis (Bickers et al 1982).
DNA damage
Many chemical and physical agents have been shown to 
interact with cellular DNA. This interaction occurs at 
nucleophilic sites, such as the O^ , N^ , N^  and C® positions of 
guanine; N^  and N^  of adenine; N^  of cytosine and N^  and of 
thymine. Damage to histones and other chromatin associated
proteins can also lead to alterations in DNA. Vulnerable
nucleophilic sites on proteins include S atoms of methionine and 
cysteine, of tyrosine, and N^  and N^  of histidine. Reactions 
of chemical agents with phosphate groups in the polynucleotide
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DNA chain can form phosphotriesters. Free radicals produced by 
ionising radiation damage DNA by attacking deoxyribose and base 
residues leading to strand breaks. Other agents are activated by 
cellular redox enzymes and produce radiation-type damage via the 
generation of superoxide radicals or other active oxygen species.
Damage may result in a change in the coding properties of 
the affected region (for example due to base modifications) or 
changes in normal DNA function during replication or 
transcription (for example by distorting DNA structure). Most 
types of damage to DNA are both mutagenic and carcinogenic 
(Hanawalt et al 1979), and covalent binding of chemical 
carcinogens to DNA is the first step in the initiation phase of 
the carcinogenic process.
Some agents, however, produce chemical changes in DNA 
without causing obvious functional abnormalities. Examples of 
functionally "silent" DNA damage are altered bases, such as 
guanine methylated at the N^  position.
Several types of DNA damage are known to exist, and 
damaging agents can be grouped accordingly. However, almost every 
DNA-damaging agent can produce more than one kind of damage.
1 . Base Loss
Purine and pyrimidine bases can be lost from DNA 
spontaneously or by UV irradiation, ionising radiation and 
alkylating agents.
2. Incorrect base sequence
These usually arise from a mistake in DNA replication. 
Random mistakes occur at low frequency. Furthermore, 
modified bases like the pyrimidine analogue BrdU
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(5-bromodeoxyuridine) can pair with more than one base 
during replication. When the naturally occuring dUTP is 
mistakenly incorporated instead of dTTP, the subsequent 
removal of uridine from the segment produces an apurinic 
site. Deamination of DNA bases can also produce an altered 
base sequence. Cytosine, adenine and guanine can be 
deaminated to uracil, hypoxanthine and xanthine 
respectively.
3. Altered bases
Various processes including exposure to radiation can 
alter the structure of bases in DNA. Additions to bases 
by méthylation or alkylation are also frequently 
encountered. Bulky additions to DNA include covalently 
bound chemical adducts and pyrimidine dimers. These tend 
to distort the helical structure of DNA and interfere with 
replication.
4. Interstrand DNA crosslinks
These may be produced by psoralens plus UV-A, nitrogen 
mustard, mitomycin C, nitrous oxide and platinum.
5. DNA single- and double-strand breaks
These are produced by ionising radiation, UV irradiation, 
heating, freezing, mycotoxins, cancer chemotherapy, 
oxygen-free radicals and viruses.
6 . Intercalation
The majority of the chemical agents discussed so far exert 
their effects by covalently binding to DNA. Other 
compounds, however, intercalate with DNA via non-bonded 
forces causing frameshift mutations, i.e. a shift in the
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reading frame when DNA is transcribed. This is the case 
for ethidium bromide, actinomycin, daunomycin, proflavine 
and other acridines.
DNA Repair
The ability to repair damage to DNA and to restore the 
structural and functional integrity of alterations to the genome 
are fundamental biological processes exhibited in all forms of 
life from bacteria to human beings. In humans, adequate DNA 
repair is required to survive exposure to damaging chemicals and 
irradiation and is necessary for normal growth, development, 
neurological function and lifespan. The inability to repair 
damage to DNA also seems to be causally related to skin 
carcinogenesis. This is apparent from the high incidence of skin 
cancers in patients suffering from Xeroderma Pigmentosum which 
results from a deficiency in excision repair of DNA damage 
induced by exposure to UV-light (Hosomi and Kuroki 1985). In 
addition there are several other inherited disorders 
characterised by "unstable" or hypersensitive DNA (as shown by 
increased sensitivity of their cells to DNA damaging agents, 
inability to repair damaged DNA or a high frequency of 
spontaneous or induced chromosomal aberrations) where patients 
show an increased incidence of neoplasms. Examples are Ataxia 
Telangiectasia, Bloom Syndrome, Dyskeratosis Congenita, Fanconi 
Anaemia and Cockayne Syndrome (Carter & Ross 1983).
Bacterial DNA repair mechanisms are understood far better 
than mammalian systems. This is mainly due to the availability
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of repair-deficient strains of bacteria, especially E. coli, 
where the relevant enzymes have been characterised. The 
elucidation of mammalian DNA repair processes has been hampered 
by the paucity of repair deficient mammalian cell lines, and the 
complex organisation of DNA into chromatin. There are many 
similarities between bacterial and mammalian repair systems, and 
the models, methods and interpretations from bacterial studies 
have been widely applied to mammalian systems. However, these 
should be viewed with caution since the underlying mechanisms may 
not necessarily be the same.
With the exception of direct base repair, all repair 
mechanisms investigated so far are forms of excision repair. In 
principle the damage is recognised; a phosphodiester strand break 
is made; the lesion, together with adjacent nucleotides, is 
excised from the strand containing it; and the deleted stretch 
is reconstituted using the intact complementary strand as a 
template. These repair mechanisms are summarised below:
1 . Direct base repair
In the simplest case an enzyme, which may be induced by 
the damage, directly removes the damage from a base. For 
example, pyrimidine dimers formed by UV irradiation may 
be repaired directly, without breaking phosphodiester 
bonds, by a process known as photoreactivation.
2. Base excision
Alkylated bases are cleaved from deoxyribose resulting in 
apurinic or apyrimidinic DNA, which forms a substrate for 
endonucleolytic enzymes.
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3. Nucleotide excision repair
A formally different process is an attack on damaged 
residues by endonucleases directly, at bulky lesions. Once 
DNA has been incised at the level of the damaged residue, 
exonucleases digest a short stretch of nucleotides from 
the damaged strand. A DNA polymerase then fills in the gap 
using the opposite strand as a template and adding the 
appropriate deoxynucleoside triphosphates sequentially in 
a 5' to 3 ' direction. Finally, polynucleotide ligase seals 
the remaining nick by covalent linkage.
4. Postreplication repair
When DNA is damaged in both strands at the same level, or 
when a replication fork by-passes single strand damage, 
normal excision repair mechanisms are blocked, since 
endonucleolytic cleavage would cause a double-strand 
break.
Repair systems exist for this type of damage, although the 
precise mechanism is not clear. Intact daughter 
chromosomes can "lend" information to a damaged homologue. 
Alternatively, a replication fork can undergo "branch 
migration". Newly synthesised DNA pairs with a damaged 
strand which permits excision repair of the damage.
Assavs for excision repair
Various methods may be used to assay DNA excision repair. 
Although some methods focus on one particular enzymatic step, 
no single step can be measured independently of the others, since 
all steps are co-ordinated in vivo.
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1 . Direct measurements can be made by monitoring the
disappearance of radiolabelled adducts, or of identifiable 
lesions using chromatography.
2. Specific enzymes may be used which cause single strand 
scissions at or near sites of damage. The single strand 
continuity of DNA is compared before and after treatment.
3. Strand breaks in DNA, may be detected by sedimentation in 
alkaline sucrose density gradients, without the need for 
characterisation of the lesion.
4. Repair synthesis may also be monitored without a specific 
knowledge of the lesion being repaired. Repair synthesis 
is distinguished from semiconservative replication by 
combining density and radioactive labelling of the newly 
synthesised DNA, then separating the species according to 
density. Radiolabel incorporated into unreplicated 
parental density DNA is then a measure of repair 
synthesis.
Variations on this theme include suppression of 
semiconservative DNA synthesis, which dispenses with the 
need for a density labelled precursor. This can be 
achieved by using cells which are fully confluent and 
contact inhibited, by using cells from synchronous 
cultures which are not in S-phase, or treating cells with 
an inhibitor such as hydroxyurea. Hydroxyurea selectively 
inhibits nucleoside diphosphate reductase, a key enzyme 
in deoxynucleotide synthesis, thus lowering intracellular 
pools of these intermediates below the levels required for 
replicative DNA synthesis (Ross & Carter 1984, Bianchi
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1986). However, suppression is never complete in these 
situations.
5. Radiolabelled nucleotides incorporated during repair
synthesis can also be detected by autoradiography of the 
cells. This method allows discrimination between cells 
undergoing replicative DNA synthesis (S-phase cells), 
which are heavily radiolabelled, and those in repair, 
which are lightly labelled, without the need to separate 
DNA species. The detection of DNA repair synthesis, also 
known as unscheduled DNA synthesis (UDS), implies that 
damage must have occurred. The induction of UDS in cell 
lines is therefore useful as a screening test for various 
types of DNA damaging agents, irrespective of the 
mechanism by which the damage was caused.
The importance of metabolism in genotoxicitv testing
It is well known that cellular metabolic pathways may 
serve to either reduce the toxicity of harmful chemicals, or in 
some cases activate harmless ones to toxic species. This applies 
in all aspects of toxicology, and no less in genotoxicity 
testing.
The metabolic capacity of cells varies in quality and 
quantity in different cell types in vivo, and may change when the 
same cells are cultured in vitro. It is therefore important to 
appreciate this capacity before interpreting the results of in 
vitro tests and applying them to the in vivo situation.
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The use of cell culture systems has provided important 
information on the mechanism of action of carcinogens in 
cutaneous tissue. However, most early studies have employed 
fibroblasts or lines derived from transformed cells, since these 
adapt and grow well in monolayer cultures. The relevance of 
biological findings in these systems is questionable, since the 
majority of chemically induced skin cancers in both experimental 
animals and human populations originate in the epidermis.
Although some studies on the effects of polycyclic 
aromatic hydrocarbons (PAH's) on kératinocytes have been 
published (Kulesz-Martin et al 1980, Parkinson & Newbold 1980) 
most workers have utilised the culture method developed by 
Rheinwald and Green (1975) , or similar procedures (Yuspa & Harris 
1974, Karasek 1975). These require the use of fibroblasts as 
feeder layers and complex culture media, which confound the 
assessment of drug and carcinogen metabolism in cultured cells.
RTE kératinocytes have an advantage in this respect since 
they can be cultured in the absence of a feeder layer, collagen 
substrate, added hormones or high concentrations of foetal bovine 
serum, and represent a simplified system where exogenous factors, 
which could influence metabolic events occurring in the cells, 
are minimised.
One drawback of using the RTE cell line, however, is that 
little is known about its metabolic capacity, which is obviously 
an important factor when assessing the toxicity of foreign 
compounds. Preliminary studies in RTE cells by Hopley (1986) 
failed to detect ethoxycoumarin-O-deethylase and ethoxyresorufin- 
0 -deethylase activities, in either induced or uninduced cultures.
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These reactions are catalysed by several isozymes of the 
cytochrome P-450 family, and therefore reflect the general drug 
metabolising capacity of the cell line. Furthermore, 
immunohistochemical staining of rat tongue for cytochromes P-450 
and P-448 failed to demonstrate significant levels of either 
enzyme (C.J. Powell, personal communication), and so it seems 
unlikely that a cell line developed from this tissue would show 
staining using the same method. However, cultures were capable 
of metabolising benzo(a)pyrene (BP) to the 3-hydroxy and 9,10- 
diol derivatives, and there was some evidence of glucuronidation 
and sulphation (Hopley 1986).
Perhaps a more sensitive approach to assess metabolism in 
cells is to measure the toxic effects of a chemical which is 
inert as the parent compound and requires metabolic activation 
to produce biological effects. BP is such a compound, an 
indirectly acting carcinogen which is toxicologically inactive 
as the parent compound and requires metabolism to produce 
genotoxicity.
Mechanism of action of BP
Polycyclic aromatic hydrocarbons such as benzo(a)pyrene 
are ubiquitous environmental pollutants which are generated 
during the incomplete oxidation of fossil fuels. These compounds 
are present in various soots, oils and tars which are known to 
cause skin cancer in experimental animals and, in certain 
circumstances, in man (Bickers et al 1982).
PAH's are highly lipophilic entities which require 
conversion to more water soluble forms in order to facilitate
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their excretion. In the case of BP, and several other PAH's, 
metabolism is known to occur via the combined actions of two 
enzymes. The cytochrome P-450-dependent monooxygenases convert 
BP to a variety of arene oxides (epoxides) , which are in turn 
metabolised by a second enzyme, epoxide hydrolase (EH), into the 
corresponding dihydrodiols (Bentley et al 1977). At this stage, 
some dihydrodiols may be conjugated (by glucuronidation or 
sulphation) to form water soluble compounds which are eliminated.
However, other dihydrodiols, in particular the 7,8- 
dihydrodiol, can undergo metabolic activation. They may be 
further oxidised by the P-450 system to the highly reactive diol- 
epoxides, which are thought to be the ultimate carcinogens 
(Figure 4.5). The reactivity of the 7,8 -dihydrodiol,9,10-epoxide 
of BP, and for a large series of related PAH's, is thought to be 
due to the formation of a carbonium ion at the 1 0 -position, 
adjacent to the so-called "bay-region" of the molecule. This is 
a highly reactive electrophile, which binds covalently to 
nucleophilic centres within cellular macromolecules, such as 
DNA. It is believed that this interaction of PAH metabolites with 
DNA is an essential first step in the initiation of cancer.
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Figure 4.5 Manor Pathway Of Metabolic Activation Of
Benzo(a)ovrene (BP)
(Phillips 1985)
(MO = Mono-oxygenase; EH = Epoxide Hydrolase)
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Objectives
The purpose of these experiments were two-fold.
1. Firstly, RTE kératinocytes were assessed as a model for 
detecting DNA damaging agents by measuring UDS. The method 
used was an adaptation of the procedure developed for 
hepatocytes by Williams (1976). A directly acting 
genotoxin, the alkylating agent, N-methyl,N-nitroso-N^- 
nitroguanidine (MNNG), was used as a positive control 
which produces DNA damage by covalent binding.
2. Secondly, the ability of BP to induce DNA damage in RTE 
cells was assessed, by assaying UDS as an indirect 
indicator of toxicologically relevant xenobiotic 
metabolism, since only the generation of genotoxic 
metabolites would induce the cells to undergo repair 
synthesis. This would also indicate whether the RTE line 
would allow metabolic activation of chemicals and 
detection of their genotoxic effects within the same cell.
Method
RTE cells (designated RTE 5) at passage 9 were seeded at 
a concentration of 2x10^/ml, 1ml per well in 24-well plates 
containing Thermanox coverslips. The cells were left for 24 
hours, to reach 90% confluency, before incubating with medium 
containing the test solutions. The test compounds were initially 
dissolved in DMSO, then diluted to the required concentration 
with serum-free culture medium (containing lOpCi/ml of [^li­
me thyl]-thymidine) such that the solvent concentration was kept
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constant at 1%. Triplicate cultures were treated with BP at 
concentrations of 5, 10, 50 and 10OpM (the limit of solubility), 
and MNNG at concentrations of 5, 10 and SOpM. DMSO (at 1%) was 
also included as the negative (solvent) control. After 24 hours 
the cells were rinsed twice in serum-free medium containing 
0.25mM unlabelled thymidine to reduce non-specific binding (cold- 
chase) then fixed, stained, processed for autoradiography and 
counted as described in the methods section. At least fifty cells 
were counted per slide, with three slides per treatment group. 
Cells in repair were defined as having 5 or more net nuclear 
counts, and chemicals were considered positive if 20% or more 
cells were in repair. Treated cultures were compared with the 
solvent control using Student's two sample T-test.
Results
RTE cells have a high level of replicative DNA synthesis 
which could interfere with the determination of DNA repair. In 
control cultures at around 90% confluency about 50% of cells are 
in S-phase. Consequently, in preliminary experiments an attempt 
was made to block this scheduled DNA synthesis by preincubating 
the cells with 1 OmM hydroxyurea (a known inhibitor of replicative 
DNA synthesis) in serum-free medium for 2 hours prior to 
treatment with the test compounds. However, replicative DNA 
synthesis in RTE cells was not inhibited by 1 OmM hydroxyurea, and 
so this step was omitted in the protocol used. Work by Lawrence 
& Benford (1991) with human kératinocytes has shown that S-phase 
synthesis is not completely inhibited by hydroxyurea at 
concentrations up to 50»iiM.
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The effects of MNNG and BP on UDS are shown in Table 4.5. 
As expected, the solvent control (DMSO) did not induce repair. 
The positive control (MNNG) clearly induced UDS. Cells which were 
undergoing repair synthesis were lightly labelled and could be 
easily distinguished from cells in S-phase, which were heavily 
labelled. The dose-response relationship was very steep with the 
MNNG concentrations used. The number of cells in repair increased 
sharply from 1 % at 5pM to 48% at 10yM, the maximum, then 
plateaued. There was no further increase in the percentage of 
cells in repair at 50pM MNNG. The number of net nuclear counts 
followed the same pattern. Cytoplasmic counts appeared to 
decrease on treatment with MNNG, however, this change was not 
statistically significant. There was no evidence of MNNG being 
cytotoxic at concentrations up to 50yM.
BP was not cytotoxic to RTE cells at concentrations up to 
lOOyM, the limit of its solubility. There was also no evidence 
for the induction of DNA repair, indicating that the cells did 
not metabolise BP to any biologically significant degree. 
Cytoplasmic grain counts were similar to controls, however, there 
was a small but consistent increase in the nuclear counts, which 
was not statistically significant or dose related, and levels 
were between -4.2 ± 0.51 and -6.4 ± 0.49 compared to control 
levels of -8.34 ± 0.54.
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4.5 UDS in RTE cells
RTE 5 cells at passage 9 were treated in triplicate as 
described in the text. Fifty cells were counted per slide, and 
the results show the mean and the standard error of the mean per 
treatment group (i.e. three slides). The asterisk denotes 
statistical significance (* = p < 0.05 ).
Treatment % Cells Nuclear 
In Repair Counts
Cytoplasmic
Counts
Net Nuclear 
Counts 
(Nucleus - 
Cytoplasm)
Negative
Control
DMSO 0% 1.62 ± 0.27 9.96 ± 0.53 -8.34 ± 0.54
Positive
Controls
MNNG 5yM 
MNNG 1OpM 
MNNG 50pM
1 % 2.38 ± 0.24 2.69 ± 0.23 -0.31 ± 0.24
48% 11.07 ± 0.83 4.38 ± 0.43 6.67 ± 0.85
★
45% 6.83 ± 0.59 1 .93 ± 0.27 4.90 ± 0.54
* *
Benzopvrene
Treatment
BP 5yM 
BP 1OyM 
BP 50]iM 
BP lOOyM
2%
0%
0%
1%
2.30 ± 0.37 6.50 ± 0.46 -4.20 ± 0.51
3.22 ± 0.27 9.60 ± 0.44 -6.40 ± 0.49
3.11 ± 0.34 7.56 ± 0.42 -4.45 ± 0.46
3.33 ± 0.36 8.17 ± 0.48 -4.85 ±0.43
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Discussion
The results obtained with the positive and negative 
controls indicate that the method of UDS assessment was valid and 
that the RTE line is capable of DNA repair synthesis, which can 
be induced by classical DNA damaging agents such as MNNG. 
Therefore, it is possible to use the RTE keratinocyte as a test 
system for DNA damaging agents which act directly (i.e. those not 
requiring metabolism).
However, treatment with BP at concentrations up to 1OOyM 
failed to significantly induce DNA repair, indicating that the 
RTE cell line was not capable of converting BP to genotoxic 
metabolites to a high degree. This low metabolic capacity may 
be a limiting factor in the widespread use of RTE cells for 
toxicity testing.
The practice of defining cells in repair by subtracting 
cytoplasmic "background" counts from nuclear counts and measuring 
cells in repair as having more than a certain number of net 
nuclear counts has recently been questioned by Rossberger & 
Andrae (1987). By using the mitochondrion-specific dye Rhodamine 
123 combined with autoradiographic studies in intact non-S-phase 
hepatocytes and isolated nuclei, they have shown that most of the 
radioactivity was incorporated into the nuclei themselves and 
not into overlying cytoplasm or mitochondria, in fact very few 
mitochondria were actually located over the nucleus. Therefore 
the practice of subtracting cytoplasmic grain counts to obtain 
net nuclear grains could prevent the detection of weakly 
genotoxic compounds. The authors showed that cytosolic and 
nuclear grains were produced by different biological processes,
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cytosolic labelling was mainly caused by mitochondrial DNA 
synthesis whereas nuclear labelling essentially reflected repair 
synthesis.
On the other hand, the scoring of nuclear grains only 
without attention to cytoplasmic counts would result in high 
standard deviations between individual cells. These differences 
between cells are reduced by the subtraction procedure because 
cytoplasmic labelling serves as an internal standard, e.g. for 
the ability of the cells to take up and incorporate the 
radiolabelled nucleoside and for background labelling of the 
emulsion. Consequently nuclear, cytoplasmic and net nuclear 
counts are presented in the results table, and the data indicate 
that there may be a small amount of BP metabolism occurring which 
is responsible for the slight increase in nuclear counts compared 
to controls. This would be compatible with the small amount of 
BP metabolism reported by Hopley (1986) in RTE cells.
Human kératinocytes, however, have been shown to retain 
the ability to metabolise BP over several passages in culture 
(Parkinson & Newbold 1980) and BP was weakly positive in a human 
keratinocyte UDS assay (Lawrence & Benford 1991)
BP was not found to be cytotoxic to RTE 5 cells at the 
highest concentration used (100 pM) . This is in agreement with 
the work of Autrup et al (1985) in the same cell type (RTE 2), 
where continuous treatment for 13 days with BP at concentrations 
of 0.4 to 200)iM had no effect on cell proliferation. Also in 
human kératinocytes BP was not found to be cytotoxic up to 0.5mM 
(Lawrence & Benford 1991).
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Studies with primary mouse kératinocytes (Reiners et al 
1983) indicated that BP was significantly cytotoxic to this cell 
line (4yM BP reduced the survival of kératinocytes to 44% of 
control cultures after 45 hours exposure) and that this 
cytotoxicity correlated with mutagenicity. Similarly, BP toxicity 
in primary cultures of human buccal epithelial cells correlated 
with DNA adduct formation (Autrup et al 1985). However, this is 
not so in human kératinocytes (Allen-Hoffmann & Rheinwald 1984) 
where BP could be activated to mutagenic but non-cytotoxic 
derivatives. Autrup and co-workers (1985) compared BP metabolism 
and binding of reactive BP metabolites to DNA in primary cultures 
of human and rat oral mucosal cells (both epithelial cells and 
fibroblasts) and in RTE cells. Cells of human origin showed 
significantly higher levels of DNA adduct formation than rat 
cells, epithelial cells more so than fibroblasts. In contrast, 
rat epithelial cells and fibroblasts metabolised BP to the same 
degree. However, the RTE 2 cell line had significantly lower 
binding levels than the primary cultures, so it appears that the 
established cell line has lost much of its ability to metabolise 
foreign compounds, which is a common phenomenon in cells 
maintained in long term cultures (Heimann & Rice 1983).
Studies by Sawyer et al (1988) with primary cultures of 
adult mouse epidermal kératinocytes indicate that the 
differentiation state of the cells dramatically influences their 
metabolic capacity. UDS could be induced by BP in these cells 
but only when proliferating cells (maintained in low calcium 
medium, 0.05-0.ImM) were induced to differentiate by increasing 
the calcium concentration to normal levels (1.4mM).
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RTE cells in these experiments were grown under normal 
conditions throughout and treated with test compounds as 90% 
confluent monolayers. RTE cells tend to proliferate until they 
reach a critical cell density before differentiating and 
stratifying and it is likely that the degree of confluence, and 
therefore differentiation state of the cells, may influence their 
metabolic capacity. Indeed cell density alone (in the absence of 
differentiation) has also been shown to affect certain enzyme 
activities. For example both prolinase and prolidase activities 
increase with cell density in cultured human fibroblasts (Myara 
et al 1985).
Cunningham et al (1989) have shown that synchronised human 
skin fibroblasts in S-phase demonstrated a 50-fold higher 
transformation rate in response to BP compared to randomly 
proliferating cells, and that confluent cells were not 
transformed by BP, therefore cell transformation by BP seems to 
be a cell cycle dependent event. In addition, although all three 
types of cultures showed the same degree of DNA adduct formation, 
the confluent cultures produced significantly higher amounts of 
metabolites (as measured by HPLC), suggesting that the increased 
metabolism in confluent cultures was more active in the 
detoxification of BP than in the production of metabolites 
associated with cell transformation.
In an in vivo-in vitro UDS assay, where BP was 
administered to rats and the assay performed after isolation of 
hepatocytes, no activity was observed without prior induction of 
liver enzymes (Puri & Muller 1989). Therefore, an equivalent 
induction phase may be required in RTE cells in culture to allow
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adequate BP metabolism in these cells for full expression of 
genotoxic potential. Induction of monooxygenase activity in cell 
cultures has been achieved where aryl hydrocarbon hydroxylase 
activity (and hence BP metabolism) was induced in mouse epidermal 
kératinocytes after preincubation with benz (a) anthracene (Hosomi 
et al 1982, Sawyer et al 1988, and Lilienblum et al 1986).
There are marked species differences in the induction of 
UDS by BP. Strongly positive responses were produced in monkey 
and human hepatocyte cultures, weakly positive responses in 
hamster cultures, and equivocal or negative responses in rat and 
mouse hepatocyte cultures (Steinmetz et al 1988). Also, within 
the same species BP shows target organ specificity, since it was 
mutagenic in a lung, but not a liver cell-mediated assay (species 
not specified) (Reiners et al 1983). This stresses the need to 
use appropriate tissues (and species) in designing test systems 
for assessing carcinogens.
If RTE cells are to be used in screening assays for DNA 
damaging agents, or indeed for assaying any other toxicological 
endpoints, then the use of an appropriate external metabolising 
system should be considered. Such systems may be of use in 
producing a similar metabolite profile to that found in vivo, 
especially for activation / deactivation reactions, so that 
extrapolation of in vitro results to the in vivo situation could 
be more meaningful. However, this would confer little advantage 
in their use over other cell lines.
In summary, the data with MNNG treatment indicates that 
the RTE keratinocyte line can be useful for assessing directly 
acting carcinogens which may come into contact with the skin.
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However, studies with BP, an indirectly acting carcinogen, 
indicated a negligible capacity for metabolic activation in this 
cell line.
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5. Conclusions
5. Conclusions
1 . The RTE cell line provides a convenient source of
kératinocytes for experimentation, derived from a keratinising 
stratified squamous epithelium. Compared to human kératinocytes, 
RTE cell lines are relatively inexpensive and easy to initiate 
and maintain. A large numbers of cells can be derived from a 
single source, which improves reproducibility between cultures, 
and the tissue of origin is well characterised and healthy, which 
is not always the case with human tissue.
RTE cells can be maintained for long periods in the same 
culture (in excess of one year); frozen for prolonged storage and 
thawed when required; and subcultivated for several passages 
(more than 40 to date) without changes in their behavioural or 
morphological characteristics.
The cells proliferate, stratify and differentiate in culture 
in a way that closely resembles both the parent tissue and human 
skin, i.e. statified squamous epithelium, at both the light and 
electron microscope level (Chapter 4.1). They could therefore be 
reasonably expected to provide a representative model for skin.
2. Prolinase activity changed in RTE cells during long term
( 1 month) culture, particularly at the time around confluence 
when cells were beginning to stratify. However, the relevance of 
these changes is unclear, since the normal role of prolinase in 
cells has not been firmly established (see Literature Review, 
Appendix 2), although it may be related to changes in basement 
membrane formation by the cells. Much more information is
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required on the function of prolinase in cells and in vivo, both 
in the normal physiology and during pathological disturbances. 
In terms of screening for toxicity, it is recommended that other, 
well-characterised parameters should be studied in preference.
3. As an in vitro model for skin toxicity testing, results
of basic cytotoxicity screening of diverse chemicals were 
disappointing in that in vitro results did not correlate by rank 
order with in vivo Draize scores for skin irritancy (Chapter 
4.3). This may be a reflection of the variety of mechanisms by 
which chemicals may exert their toxicity in vivo. It is unlikely 
that a single cell line in culture can encompass a screen for all 
these mechanism of toxicity, and is more likely to have a better 
predictive value for certain classes of chemicals than others.
Cells in culture would be expected to be highly sensitive, 
since there is no functional stratum corneum barrier, and cells 
are exposed to all of the administered dose, without the 
protection afforded by complex homeostatic mechanisms present in 
the whole animal. In this situation, in vitro data gives an 
indication of the potential for toxicity, which may not be fully 
realised in vivo.
4. When a range of structurally related chemicals are tested,
such as surfactants (Chapter 4.4), the correlation with in vivo 
data is much better, and the system allows the elucidation of 
structure-activity relationships, particularly in cases where the 
mechanism of action is established, and is known to be possible 
in cultured cells, such as membrane perturbations. In the case
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of irritancy testing, the relevance of RTE cells as models is 
increased by the fact that acid phosphatase activity was used as 
a parameter. This has been well-characterised and is known to 
increase in the epidermis in vivo during irritation. The 
specificity of the endpoint is underlined by the fact that 
fibroblasts did not respond in the same way by releasing latent 
acid phosphatase activity. The use of other well-characterised 
end-points whose relevance in vivo is known is recommended for 
improving the extrapolation of results obtained in culture to the 
in vivo situation.
5. RTE cells are a useful model for assessing directly acting
DNA damaging agents, particularly for compounds causing skin 
carcinogenesis. For non-genotoxic carcinogens, RTE cells may be 
useful for assessing increases in cell proliferation (indirectly 
by counting the number of cells in S-phase). However, for 
indirectly acting compounds, their usefulness may be limited by 
their metabolic capacity for activating carcinogens.
Directions for future work
1. RTE cells in culture represent a controlled environment
for the isolation and study of factors affecting normal epidermal 
cell proliferation, differentiation, stratification and cell 
turnover. Much more information remains to be gained from basic 
cell biology studies of skin, as well as parameters of normal 
keratinocyte function (see Introduction, Table 1.0).
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2. By extension, the effects of various toxins on these
processes can also be studied, including mechanistic studies of 
cell injury induced by these substances, since the cellular 
environment can be closely controlled.
3. Much more work needs to be carried out on the capacity of
RTE cells for metabolising both endogenous and foreign compounds. 
This metabolic capacity may serve to either detoxify or activate 
xenobiotics, and therefore has a profound effect on their 
toxicity. This is particularly relevant if these cells are to be 
used in screening for toxicity.
It has been shown that RTE cells have little capacity for 
metabolising benzo(a)pyrene (BP) (Chapter 4.5). This is in 
contrast to the published literature, where both human (Parkinson 
& Newbold 1980) and rat (Autrup et al 1985) kératinocytes have 
been shown to metabolise it. This could be due to loss of 
metabolising capacity in prolonged culture, a well-established 
phenomenon (Heimann & Rice 1983), which requires further 
investigation in RTE cells. The capacity for the parent tissue, 
rat tongue, to metabolise also needs to be assessed, since this 
may represent the limit of what may be possible in culture.
4. The growth of RTE cells on collagen gels containing 
fibroblasts (so-called "dermal equivalents") can be used as a 
model for investigating dermal / epidermal interactions. RTE 
cells may be combined with fibroblasts derived from rat tongue, 
as is the situation in vivo, or from other sources. The effects 
of diffusible dermal factors on normal epidermal differentiation
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may be investigated in this way. In addition, cells derived from 
diseased tissue characterised by aberrent differentiation or 
proliferation may be studied, for example the effect of 
fibroblasts derived from psoriatic skin on epidermal cell 
proliferation (Coulomb et al 1985).
5. The growth of RTE cells on dermal equivalents also 
represents a model for studying wound healing in culture. The 
contraction of collagen fibrils by fibroblasts is a prominant 
feature of the healing of skin wounds in vivo, and preliminary 
studies of the effects of drugs such as steroids on this process 
have already been performed (Adams & Priestley 1988). The 
proliferation of kératinocytes on such substrates provides a 
model for re-epithelialisation of skin wounds. The effects of 
various substrates, such as extracellular matrix components, on 
keratinocyte migration and differentiation, and parameters of 
keratinocyte function such as basement membrane formation may be 
studied (MacCallum et al 1987).
6 . The work with the directly acting carcinogen MNNG (Chapter 
4.5) has demonstrated that RTE cells may be useful in screening 
for DNA damaging agents. RTE cells may therefore serve as a 
model for studying carcinogenesis and hyperproliferative states. 
Most cancers are epithelial in origin, and the fact that RTE 
cells are derived from oral epithelium may be particularly 
relevant in the study of oral carcinomas, which account for 40% 
to 50% of all cancers in Sri Lanka and parts of India (Pindborg 
1980).
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7, RTE cells have been found to be morphologically stable for
more than 40 passages. The growth rates and behaviour of these 
cells has been found to be similar in cells at passages 3 and 31 
(Chapter 4.2) . However, other workers have found that the 
chromosome number changes in culture (both polyploidy and 
aneuploidy have been found to occur in similar cells at passage
5. These cells were not found to be tumorigenic when injected 
into nude mice, however, the possibility exists that the cells 
may be transformed in some way. This remains to be investigated 
further, to confirm the stability of these cells in long term 
culture.
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Appendix 1
Isolation Of RTE Cells By Enzymic
Disruption Of Rat Tongue
Appendix 1 Isolation Of RTE Cells By Enzymic Disruption
Of Rat Tongue
The initiation of cell lines from explant cultures of rat 
tongue is a lengthy process (in the order of 3 to 4 weeks from 
the time of setting up the explant culture to the first 
subculture to produce one 25ml flask of cells), although once 
established the cells grow rapidly with a cell doubling time of 
72 hours in the log phase of growth (see Results, Figure 4.3.1).
In order to expedite the initiation of further cell lines, 
attempts were made to isolate kératinocytes by enzymic disruption 
of rat tongue. In early experiments the yentral surface of the 
tongue was first cut into pieces 1 -2 mm^ using a scalpel blade, 
howeyer, this produced a large amount of cellular debris, so in 
subsequent experiments the tongue was cut in half and the yentral 
surface was incubated whole.
A two stage approach was used to isolate the cells. The 
first step was a relatiyely long incubation in a proteolytic 
solution in order to separate the epidermis from the dermis and 
underlying muscle. The second step was a shorter incubation of 
the peeled epidermis in order to separate the kératinocytes.
Seyeral yariations of the basic protocol were attempted, 
and these are summarised below:
Step 1 - Separation Of Epidermis From Dermis
In ascending order of success, i.e. most successful last;
1. Trypsin/EDTA solution (0.5% trypsin containing ImM EDTA
in PBS'A') for 45 minutes at 30°C. The epidermis could not
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be peeled off and had to be scraped. Very few cells
isolated, none attached to culture flasks.
2. 0.25% trypsin solution in PBS'A' overnight at 30°C. The
epidermis peels easily, but very few whole cells can be
separated, and these do not attach.
3. Trypsin/EDTA solution in PBS'A' overnight at 4°C. 
Epidermis could be separated with difficulty, more cells 
isolated than with 1. Cells attached but very rounded.
4. 0.25% trypsin in PBS'A' overnight at 4°C. Better
separation than with Trypsin/EDTA. Cells attached and a 
few small colonies formed.
5. 0.25% trypsin in serum-free EMEM overnight at 4°C.
Epidermis does not peel easily. Dissolving trypsin in
serum-free EMEM as opposed to PBS'A' does not improve the 
situation. Few cells dissociated, some attached on plating 
but did not spread.
6 . 1% trypsin in serum-free EMEM overnight at 4°C. Epidermis 
difficult to peel, as above (5).
7. The following treatments were found to be equally
effective:
Protease XIV (Sigma) 20-40 units (5-10 mg/ml) 
Protease XXIV 20 units (5 mg/ml)
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Dispase (Sigma) 25 and 50 units (50-100 mg/ml)
All were dissolved in serum-free EMEM and incubated at 4°C 
overnight. The epidermis peeled away easily in one piece 
and a large number of viable cells could be isolated (>95% 
viable as judged by Trypan Blue exclusion).
Step 2 - Dissociation of cells from peeled epidermis
5-10 minutes incubation in 0.25% trypsin made up in
PBS'A', at 37°C with shaking was found to be extremely effective 
and had a minimal effect on cell viability. Therefore, this was 
used for the second incubation throughout.
Thus a large number of viable cells could be isolated, 
however, difficulties were experienced in attachment, spreading 
and proliferation of the cells, which are prerequisites for 
initiation of cell lines. Therefore, several substrates were 
assessed for cell attachment:
1. Primaria culture flasks
2. Collagen-coated flasks, rat tail collagen was prepared as
described in the methods section, and the flasks rinsed 
with this solution and dried in the incubator prior to 
plating cells.
3. Poly-lysine coated flasks, as described by Sigma.
Although collagen coating produced better attachment than 
other methods tried, none were completely satisfactory and this 
project was abandoned in favour of explant cultures.
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1 . Prolinase
[Prolyl dipeptidase, iminodipeptidase, L-prolyl-amino acid 
hydrolase, EC 3.4.13.8 (formerly EC 3.4.3.6 )]
Prolinase is a strict dipeptidase, and as its systemic 
name suggests it shows a high substrate specificity for 
dipeptides possessing a free NH-terminal prolyl (Pro) or 
hydroxyprolyl (Hyp) residue. In contrast it has little 
specificity for amino acid residues in the C-terminal position.
i.e. L-prolyl-amino acid + HgO L-proline + amino acid
It has no activity for either prolinamide, tripeptides or 
dipeptides where the imino group is acylated (Davis & Smith 1953; 
Walter et al 1980).
Prolinase activity was first described by Grassman et al 
in 1932, and was subsequently purified from porcine (Davis & 
Smith 1953) and bovine kidney (Akrawi & Bailey 1976). Prolinase 
has been detected in several animal tissues (Priestman & 
Butterworth 1985) and in all human tissues tested, including 
kidney, thyroid, thymus, pancreas, adrenal, pituitary, liver, 
choroid plexus, cerebral cortex, small intestine, lung, skeletal 
muscle, skin, spleen, cartilage, placenta, erythrocytes, 
leucocytes and plasma (Butterworth & Priestman 1982a). It has 
also been detected in bacteria (E.Coli - Sarid et al 1962). In 
all cases prolinase activity has been located in the cytoplasm.
Several preparations of prolinase have shown activity 
towards dipeptides not containing N-terminal proline, such as 
Gly-Gly and Leu-Gly (Mayer & Nordwig 1973), Gly-Ala and Pro-Leu- 
NHg (Akrawi & Bailey 1976), and Gly-Leu (Akrawi & Bailey 1977). 
These are generally considered as substrates for non-specific 
dipeptidases. Conversely, several non-specific dipeptidases have 
been found to hydrolyse prolinase substrates. These have been
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isolated from several sources including human erythrocytes and 
various human tissues (Rapley et al 1971), E.Coli (Sarid et al 
1962), mouse ascites tumour cells (Hayman & Patterson 1971), pig 
kidney (Nordwig & Mayer 1973) and pig small intestine (Noren & 
Sjostrom 1973).
Furthermore, Butterworth & Priestman (1982a, 1982b) have 
described two forms of prolinase derived from human skin 
fibroblasts and separated on the basis of molecular size, charge, 
pH profile and pi, however, only two substrates (Pro-Gly and Pro- 
Ala) were used to assess activity.
The presence of several other enzymes in most of the non­
specific dipeptidase preparations has been precluded on the basis 
of substrate specificity tests where the preparation has shown 
negligible activity towards substrates specifically cleaved by 
other enzymes (Table 1). However, a lot of the early work 
attributed this cross-reactivity as being due to contaminating 
enzymes.
Table 1 Specific Substrates Of Known Peptidase Activities
(Mayer & Nordwig 1973)
Leu-p-nitroanilide - Leucine aminopeptidase
Gly-Gly-Gly - Aminopeptidase
Pro-Gly-Gly - Aminopeptidase or Proline
Iminopeptidase 
Poly (Pro) - Proline Iminopeptidase
Gly-Pro - Iminodipeptidase (Prolidase)
Gly-Pro-Hyp - X-Prolyl Aminopeptidase
The situation was further complicated by the finding that 
highly purified enzyme preparations were correspondingly more 
labile, and this precluded purification to homogeneity (Hayman 
& Patterson 1971; Mayer & Nordwig 1973).
Hayman and Patterson (1971) were the first to propose that 
these two activities could be due to a single enzyme, because 
they failed to separate them using various purification 
procedures. The two enzyme peaks were congruent using DEAE 
cellulose anion exchange chromatography, Sephadex G-150 gel
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filtration, gel electrophoresis and (NH^)gSO^ precipitation. The 
ratios of the two activities remained identical throughout the 
purification process, the pH optimum was the same for various 
substrates (pH 8.2) and additionally, when the enzyme was held 
at 30°C for 24 hours the rates of loss of activity towards 
various substrates was approximately the same.
Furthermore, it was found that Co^  ^ and Mn^ "^  ions 
specifically activated hydrolysis of some substrates and 
inhibited that of others, e.g. Ala-Gly hydrolysis was inhibited 
by Co^  ^ whereas Gly-Gly and Gly-Ser cleavage was strongly 
activated by Co^ .^ A precedent for this phenomenon exists in the 
enzyme carboxypeptidase, where replacement of Zn^ "^  by Co^ *
abolishes peptidase activity while enhancing esterase activity 
(Vallee et al 1963).
This work was further substantiated by Priestman and
Butterworth (1985) who assayed prolinase and non-specific 
dipeptidase in human kidney and failed to separate the two
activities. Both activities were inhibited to the same degree by 
p-hydroxymercuribenzoate and mixed substrate studies showed 
competitive inhibition of one type of activity by substrates for 
the other type, strongly suggesting that they were both 
hydrolysed at a common active site.
The properties of several prolinase preparations are
summarised in Table 2. The pH profile of prolinase is bell-shaped 
(Akrawi & Bailey 1976). The enzyme is stable at pH 6.5 to 9.5, 
but there is a 70% decrease in activity below pH 6.0 (Butterworth 
& Priestman 1982a) and at high pH although the enzyme is highly 
active, it is also extremely unstable (Smith 1955).
The pH profile (and hence the pH optimum) of prolinase has 
been found to depend on the levels of Mn^^ present (Butterworth 
& Priestman 1982a). The relationship appears quite complex. In 
the absence of Mn^ "^  a broad pH optimum was found between pH 8.4 
and 9.4. At low Mn^ "^  levels (0.025 mM) the optimum was at pH 9.2, 
whereas with higher Mn^ '^  levels (1 mM) this had fallen to between 
pH 7.4 and 7.8. At high pH (>8.0), however, precipitation of 
Mn(OH) 2 as a brown solid occurs under alkaline conditions (Mayer 
& Nordwig 1973; Akrawi & Bailey 1976; Myara et al 1985b).
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Table 2 Properties Of Various Prolinase Preparations
Reference Source Substrate Specificity
Sarid, Berger
Katchalski
(1962)
Pig Kidney 
Cortex
Strict dipeptidase, requires N- 
terminal imino acids, both Pro 
and Hyp attacked.
No tripeptidase activity.
No activity with poly-L-Pro.
Davis & 
(1953)
Smith Swine
Kidney
Dipeptidase, attacks free imino 
groups of Pro or Hyp.
No activity with amides or 
tripeptides.
Mayer & 
Nordwig 
(1973)
Pig
Kidney
Dipeptidase, N-terminal Pro & 
Hyp. Not dipeptide amides or 
longer N-Pro-peptides.
Also cleaves Leu-Gly and Gly- 
Gly. Distinct from Leu- 
aminopeptidase, aminopeptidase, 
proline iminopeptidase, prolidase 
and X-prolyl aminopeptidase.
Akrawi
Bailey
(1976)
Bovine
Kidney
Dipeptides and dipeptidylamides 
with N-terminal Pro or Hyp.
Not longer peptides.
Will cleave Gly-Ala, Gly-Gly, 
Gly-Leu and Val-Gly.
Distinct from proline imino­
peptidase.
Priestman & 
Butterworth 
(1985)
Human
Kidney
Various dipeptides, both 
prolinase and non-specific 
dipeptidase activity due to a 
single enzyme.
Distinct from proline 
iminopeptidase and prolidase.
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Cofactors Inhibitors pH optimum Mi. Wt.
A b s o l u t e  
r e q u i r e m e n t  
f o r ,  a n d  
a c t i v a t e d  b y
i2+Cd in presence of
Mn^^.
U n a f f e c t e d  b y  p-chloro 
m e r c u r i b e n z o a t e
p H  8 . 0
A c t i v a t e d  b y  
M n ^ ^  a n d  C d ^ ^  
Stabilised by
2+M n " "  b i n d i n g  a g e n t s :  
p y r o p h o s p h a t e ,  c i t r a t e  
phosphate and fluoride
H i g h  p H .
p H  8 . 0
A c t i v a t e d  b y U n a f f e c t e d  b y  
p - c h l o r o m e r c u r i b e n z o a t e  
a  t h i o l  i n h i b i t o r
pH 8.75 
in absence 
o f  M n ^ " ^
3 0 0 , 0 0 0
S o m e  inhibition w i t h  
p - c h l o r o m e r c u r i b e n z o a t e
pH 8.75
i n  a b s e n c e  
of Mn^ "^
100,000
A c t i v a t e d  b y 2+ p H  8 . 4  - 9 . 4  K M , O X )H i g h  l e v e l s  o f  M n  
Acid pH depending on
p-chloromercuribenzoate M n  ^  l e v e l s
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The work of Sarid et al (1962) suggested an absolute 
requirement for Mn^ "^  and prolinase from E.Coli was inactive in 
its absence. Davis and Smith (1953) found that prolinase was 
activated by Cd^  ^ and Mn^ "^  ions, and Smith (1955) demonstrated 
that prolinase was specifically stabilised by since
inhibition could be produced in crude extracts by the addition 
of Mn^  ^binding agents such as pyrophosphate, citrate, phosphate 
and fluoride.
Pig kidney prolinase is not inhibited by p-chloro­
mercuribenzoate (Barrett 1977), a thiol reagent, therefore 
suggesting that S-H groups are not involved in the active site 
of the enzyme (Mayer & Nordwig 1973; Akrawi & Bailey 1976). 
Bovine kidney prolinase is inhibited to a certain degree (Akrawi 
& Bailey 1976), however, human kidney prolinase is fully 
inhibited by it (Priestman & Butterworth 1985).
Hayman and Patterson (1971) have found that using mouse 
ascites tumour prolinase 85% to 100% inhibition can be achieved 
by 0-phenanthroline, EDTA, histidine and dithiothreitol, however, 
mercaptoethanol produced only 38% inhibition, and they concluded 
that inhibition was due to metal chelating ability rather than 
the reducing power of the thiols.
The molecular weight of prolinase from both bovine and 
human kidney is 1 0 0 ,0 0 0 , however that from porcine kidney is 
300,000. This could be due to differences in the state of 
aggregation of the enzyme since the heterogeneity obtained on 
electrophoresis could be completely abolished by pretreatment 
with 2-mercaptoethanol (Akrawi & Bailey 1976).
The staining procedure of Clarke for carbohydrates was 
negative for bovine prolinase (Akrawi & Bailey 1977) and human 
prolinase failed to bind to Concanavalin A-Sepharose and Wheat 
Germ Lectin-Sepharose, indicating that prolinase is not a 
glycoprotein (Butterworth & Priestman 1982a).
Pig kidney prolinase (Mayer & Nordwig 1973) is extremely 
labile. Activity is reduced by half on incubation for one hour 
at 40°C or 10 days at 4°C, and freezing and thawing of this 
enzyme preparation completely abolishes activity. This property 
has been used to separate prolinase and proline iminopeptidase
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(PIP) activities, since PIP is more stable to freezing (long term 
storage at 4°C or -20°C lowered activity by only 10-20% , Nordwig 
& Mayer 1973).
2. Other Peptidases That Will Cleave Prolinase Substrates
As Barrett (1977) put it, "The literature abounds with 
reports concerning dipeptidases, far too many to be considered 
separately".
It has already been mentioned that several non-specific 
dipeptidases exist which will cleave Pro-X dipeptides 
traditionally thought of as prolinase specific substrates. 
Several of these enzymes are very similar to prolinase with 
respect to molecular weight, pH profile and pH optimum, 
solubility, and activation by Mn^ "^  (Walter et al 1980).
A common step in the purification of an enzyme is dialysis 
to remove low molecular weight contaminants such as (NH^ ) gSO^  from 
the salting out process. This will also remove Mn^"*" ions which 
Sarid et al (1969) considered essential for prolinase activity, 
and a drop in activity has indeed been noticed after dialysis by 
Butterworth and Priestman (1982a).
When taken with Hayman and Patterson's finding (1971 ) that 
specific ions enhanced activity towards certain substrates (e.g. 
Co^  ^enhanced Gly-Gly cleavage and inhibited Ala-Gly cleavage by 
the same enzyme), it is possible that other peptidase 
preparations could also be shown to cleave Pro-X substrates under 
the appropriate conditions (e.g. if Mn^ "^  was added after the 
dialysis step).
The work of Rapley et al (1971) is noteworthy since they 
separated seven different dipeptidases from red blood cells 
(designated as A, B, C, D, E, F and S) which were subsequently 
found in numerous other human tissues in varying proportions. 
Their substrate specificities were determined using 35 different 
di- and tripeptides. Each dipeptidase had a characteristic 
profile, however, these profiles overlapped, so that for example 
Pro-Phe and Pro-Leu, previously thought of as prolinase specific
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substrates, were found to be hydrolysed by four different 
enzymes, peptidase A, B, C and S. (Furthermore, peptidases A, B 
and C were all detected in human skin).
The only exception to this pattern was peptidase D, which 
was very specific for substrates of the type X-Pro. This activity 
corresponded to prolidase, originally described by Adams and 
Smith (1952). In addition, none of the other dipeptidases would 
cleave X-Pro substrates, and this also applies to numerous other 
dipeptidases tested by other workers. This could explain why a 
prolidase deficiency, which is an inherited disorder of 
metabolism, produces such a severe syndrome (since no other 
enzyme can assume its workload) whereas a prolinase deficiency 
has not yet been described, since it would require that more than 
one enzyme be deficient. This is made even more unlikely since 
Rapley*s work suggests that the various peptidases are coded at 
separate gene loci.
Quite apart from these non-specific peptidases, a whole 
series of enzymes have been characterised which will recognise 
proline. However, for these enzymes the proline residue must 
occur in a particular position in the peptide substrate for 
cleavage to occur. The properties of these peptidases are 
summarised in Table 3, where it can be seen that some of these 
will also hydrolyse Pro-X substrates, previously thought to be 
specific for prolinase activity.
i. Proline Iminopeptidase (PIP, EC 3.4.11.5)
The following account is taken from the work of Sarid, 
Berger and Katchalski (1962) except where otherwise quoted.
Proline iminopeptidase (PIP) was first isolated and 
purified from E.Coli in 1959, and since then has been found in 
all organs of the animals tested (rat, chicken, rabbit, swine) 
with especially high levels in liver and kidney. PIP acts as a 
proline-specific exopeptidase, cleaving NH-terminal L-proline 
residues from both high (poly-L-Pro, salmine) and low (Pro-Gly, 
Pro-Gly-Gly) molecular weight substrates.
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Table 3 Proline-Specific Peptidases
(See text for references)
Enzyme Site Of Action
1. Endopeptidases
EC 3.4.21.26 
Proline Specific Endo- 
peptidase (PSE) / Post 
proline cleaving enzyme 
(PPCE)
Carboxyl side of Pro 
internally in peptides or 
esters, except Pro-Pro 
bonds. Small peptides only
i.e. -W-X-Pro-/-Y-Z-
2. N-terminal Exopeptidases
X a. EC 3.4.14.-
Post proline dipeptidyl 
aminopeptidase 
(PPDA)
Carboxyl side of Pro when 
it is penultimate from a 
free NH2 terminal.
Releases X-Pro dipeptides, 
cannot cleave Pro-Pro bonds.
i.e. X—Pro—/—Y—Z—
* b. EC 3.4.11.5
Proline Iminopeptidase 
(PIP)
Releases N-terminal Pro from 
peptides of any length, but 
not N-terminal Hyp.
Will cleave Pro-Pro bonds
i.e. Pro—/—X—Y—Z
c. EC 3.4.11.9
Aminopeptidase P
Cleaves bond between any N- 
terminal residue and pen­
ultimate Pro, but not pen­
ultimate Hyp.
Will cleave Pro-Pro bonds
i.e. X—/—Pro—Y—Z—
*
X
Will cleave prolinase substrates 
Will produce prolinase substrates
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p H  o p t i m u m  
( s t a b l e  r a n g e )  I n h i b i t o r s
No
E f f e c t  C e l l u l a r  
A c t i v a t o r s  W i t h  L o c a t i o n
p H  7 . 8
( p H  5 . 5  - 9 . 5 )
D F P Cytosol
p H  7 . 8
( p H  3 . 5  - 1 0 . 0 )
DFP Microsomes
p H  7 . 8  - 9 . 5 p-chloromercuri 
benzoate, 
lodoacetamide, 
Cd^\ Co^% Cu^\ 
Fe^ "", Fe^ ,^ Hg^ ,^ 
Zn^^, EDTA
Mn^^, DFP 
cysteine, 
mercapto- 
ethanol
Cytosol
pH 8.6 EDTA M n 2+ Microsomes
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Table 3 Proline-Specific Peptidases (contd.)
(See text for references)
Enzyme
3. C-terminal Exopeptidases
a. EC 3.4.12.4
Prolyl Carboxypeptidase 
(Lysosomal Carboxypeptidase 
C, Angiotensinase C)
Site Of Action
Releases any C-terminal 
residue if penultimate Pro 
is present, not penultimate 
Hyp. Won't cleave Pro-Pro 
bonds or dipeptides.
i.e. —X—Y—Pro—/—Z
* b. EC 3.4.12.-
Carboxypeptidase P
Releases C- terminal 
residues with penultimate 
Proline (as above).
Hyp cannot substitute for 
Pro. Will not cleave Pro- 
Pro bonds.
Some dipeptidase activity 
for Pro-Ala and Pro-Phe.
i.e. —X—Y—Pro—/—Z
4. Dipeptidases
* a. EC 3.4.13.8
Prolyl Dipeptidase 
(Prolinase)
Dipeptides with N-terminal 
Pro or Hyp
i.e. Pro-/-X
b. EC 3.4.13.9
Proline Dipeptidase 
(Prolidase)
Dipeptides with C-terminal 
Pro. Some activity for 
dipeptides with C-terminal 
Hyp.
i.e. X-/-Pro
* 5. Non-Specific Peptidases
X
In addition, a whole variety of non-specific peptidases 
will cleave Pro-containing substrates regardless of where 
Pro appears in the peptide sequence.
* Will cleave prolinase substrates 
X Will produce prolinase substrates
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N o
p H  o p t i m u m  E f f e c t  C e l l u l a r
( s t a b l e  r a n g e )  I n h i b i t o r s  A c t i v a t o r s  W i t h  L o c a t i o n
p H  5 . 0  -  5 . 5  D F P  -  E D T A  L y s o s o m e s
lodo­
acet­
amide
p H  7 . 0  -  8 . 0  -  M n ^ " ^  -  M i c r o s o m e s
pH 8.5 - 9.0 _  M n ^ ^  p - c h l o r o
Cytosol
Cd m e r c u r i ­
b e n z o a t e
p H  6 . 8  -  7 . 4  p - c h l o r o m e r c u r i  M n ^ ^  D F P  C y t o s o l
( p i g  i n t e s t i n e )  b e n z o a t e
l o d o a c e t a m i d e  
pH 8.0 Hg^
( p i g  k i d n e y )
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PIP shares several features in common with prolinase:
1. Both enzymes will cleave Pro-X substrates.
2. Both enzymes are activated by Mn^^ ions and are inactive
in its absence (although Butterworth and Priestman (1984) 
have measured both PIP and prolinase activity in absence 
of Mn^ )^ .
3. Both enzymes are inhibited by Cd^  ^ ions (in presence of 
Mn^ +) .
4. Both have a similar pH-activity curve with an optimum at
pH 7.4 to 8.5 which varies depending on the Mn^ "^  
concentration (Butterworth & Priestman 1982a, 1982b,
1984). (Table 4)
5. Both enzymes are located in the cytosol.
6. Both enzymes have a wide distribution and are found in
most animal tissues and also in bacteria.
Table 4 pH optima at various Mn^ ~^  concentrations
Concentration PIP Prolinase
No pH 8.5 pH 8.4 -9.4
0.025 mM Mn^ '" pH 8.0 pH 9.2
1 mM Mn^ '" pH 7.4 pH 7.4 - 7.8
The levels of Mn^"*" are saturated at the given pH, at higher 
concentrations inhibition results. Several authors have 
also reported precipitation of Mn(OH)g as a brown solid at 
alkaline pH (>8.0) (Mayer & Nordwig 1973; Akrawi & Bailey 
1976; Myara et al 1985b).
The two enzymes do differ, however, in substrate 
specificity, and this can be employed to measure their respective 
activities in crude homogenates. Prolinase is a strict 
dipeptidase, whereas PIP does not attack hydroxyprolyl residues, 
and acts on substrates with NH-terminal proline irrespective of 
their size. Therefore, in a crude mixture, enzyme activity 
measured using Pro-Gly as substrate represents the sum of both 
enzymes, whereas Hyp-Gly measures prolinase activity and poly-
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L-Pro cleavage assays PIP activity. A further refinement in this 
situation is the fact that PIP is unaffected by DFP (di- 
isopropyl-phospho-fluoride) , an inhibitor of several non-specific 
peptidases. DFP binds to serine residues and since PIP is 
unaffected by it, it is postulated that PIP does not contain 
serine at its active site, and therefore cannot be classified as 
a serine peptidase.
Using chromatofocusing, PIP and prolinase differ slightly 
in their isoelectric points (for PIP pi = 5.3 and for prolinase 
pi = 5.05 - 5.3). PIP is a slightly smaller molecule of 80,000 
molecular weight compared to 100,000 for prolinase (Butterworth 
& Priestman 1984). The two enzymes also differ in their 
solubilities with respect to (NH^ ) and ethanol precipitation 
(Sarid et al 1962). PIP is stable in the range of pH 5 - 7 but 
irreversibly inactivated outside this range (Butterworth & 
Priestman 1984), whereas prolinase is stable in the range of pH
6.5 - 9.5 but activity decreases by 70% below pH 6.0 (Butterworth 
& Priestman 1982a).
In the presence of Mn^ "^ , which is required for activity, 
PIP is inhibited by Cd^ ,^ Co^ ,^ Cu^ ,^ Fe^ ,^ Fe^% Hg^  ^ and Zn^ *,
however, it is unaffected by Li*, Ca^ *, Cr^ *, Cr^ * and Mg^ *. PIP is 
also inhibited by 1 mM concentrations of p-chloromercuribenzoate 
and iodoacetamide, which are thiol binding reagents, therefore 
S-H groups are thought to be involved at the active site of the 
enzyme.
Butterworth and Priestman (1984) have compared various PIP 
preparations on the basis of charge, molecular size, pi and 
response to Mn^ * and concluded that the same single form of PIP 
is present in cultured human skin fibroblasts, and human liver 
and kidney. Their results were very similar to those for bovine 
kidney PIP and rat kidney PIP, and the enzyme was distinct from 
prolinase, prolidase and non-specific dipeptidase (EC 3.4.13.11). 
Therefore any inherited defect of PIP in human liver and kidney 
should be detectable in cultured human skin cells.
Nordwig and Mayer (1973) have described a peptidase from 
pig kidney which appears identical to PIP. It is activated by 
Mn^ *, inhibited by p-chloromercuribenzoate and unaffected by DFP.
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It is a soluble enzyme and is distinct from X-prolyl- 
aminopeptidase, prolidase, prolinase and leucine-aminopeptidase. 
However, unlike the types of PIP described earlier, this enzyme 
will not hydrolyse polyproline or prolyl-6-napthylamide, it has 
a higher molecular weight of 300,000 compared to 80,000 and also 
a higher pH optimum of 9.0 - 9.5 (in presence of 1 mM Mn^ *) . 
Although there are clear differences between the two types of 
enzyme, this peptidase fulfils the criteria for systematic 
classification as a proline iminopeptidase (EC 3.4.1.4).
ii. Aminopeptidase P 
(X-prolyl-aminopeptidase, EC 3.4.11.9)
Aminopeptidase P is an exopeptidase which cleaves the bond 
between any N-terminal amino acid and a penultimate proline 
residue in a peptide chain.
i.e. X-Pro-Y-Z im in o p e p t id a s e  P ^ ^ + Pro-Y-Z
This enzyme also has some dipeptidase activity and will 
cleave Gly-Pro and Ala-Pro dipeptides, although at a much slower 
rate than for larger substrates. Unlike several other peptidases 
it will also cleave Pro-Pro bonds. Peptides containing 
penultimate Hyp are not hydrolysed.
The enzyme was first isolated and characterised from E. 
Coli in 1968 and it has also been found in pig kidney. 
Aminopeptidase P shows optimal activity at pH 8.0 - 8.6. It is 
activated by Mn^ *, and to a lesser extent by Co^ *, Cd^ * and Ni^ *, 
and it is inhibited by EDTA, presumably due to chelation of Mn^ * 
ions required for activity. The enzyme is associated with the 
microsomal fraction and contains lipid, it has a molecular weight 
of 100,000 (Walter et al 1980).
iii. Carboxvpeotidase P
(Microsomal prolylcarboxypeptidase, EC 3.4.12.-)
Carboxypeptidase P is also an exopeptidase, and it 
releases C-terminal amino acids from peptides containing 
penultimate proline residues.
i.e. -X-Y-Pro-Z C a rb o x y p e p tid a s e  P ^  -X-Y-PrO +
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However, Pro-Pro bonds are not cleaved and Hyp cannot 
substitute for Pro in the penultimate position. The purified 
enzyme also exhibits dipeptidase activity towards Pro-Ala and 
Pro-Phe.
Carboxypeptidase P was first isolated from pig kidney 
microsomes in 1970. It has a pH optimum of 7.8, it is activated 
by Mn^* ions and has a molecular weight of 240,000 (Walter et al 
1980).
In addition to these non-specific and proline-specific 
enzymes which will cleave prolinase substrates, the possibility 
exists that other enzymes are present which are capable of 
cleaving peptides in such a way as to release dipeptides of the 
type Pro-X, thus increasing the amount of substrate available for 
prolinase - type activity.
Such a situation does exist for prolidase activity, for 
example the enzyme post-proline-dipeptidyl aminopeptidase (PPDA, 
EC 3.4.14.-) is an N-terminal exopeptidase which acts on the 
carboxyl side of proline when it is penultimate from a free NH- 
terminal in a peptide, (i.e. X-Pro-/-Y-Z- ). The result of its 
action is to release dipeptides of the type X-Pro, which are 
specifically cleaved by prolidase. PPDA was first discovered in 
1966 and since then has been found to be ubiquitous in
vertebrates, with activity in kidney, liver, skin, spleen and 
gut. It is a membrane bound glycoprotein of around 230,000 
molecular weight. It has a pH-optimum of 7.8, no cofactor
requirements and is inhibited by DFP, unlike prolidase (Hopsu- 
Havu & Ekfors 1969; Walter et al 1980).
Prolinase therefore has an obvious role in the degradation 
of proline-containing peptides and is important in releasing free 
proline for recycling. Although the assessment of prolinase 
activity may give an indication of some (as yet undefined)
cellular process, it is clear that more than one enzyme
contributes to this type of activity. In addition, the optimal 
conditions for assessing this activity are very similar for these 
different enzymes, and prolinase-type activity is strongly 
influenced by cell density. These factors must be taken into 
account before any attempt is made at interpretation of data
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concerning changes in prolinase activity.
3. Prolidase
[Proline dipeptidase, iminopeptidase, aminoacyl-L-proline 
hydrolase, EC 3.4.13.9 (formerly EC 3.4.3.7)]
Prolidase, like prolinase, is also a strict dipeptidase. 
It is specific for dipeptides with free C-terminal prolyl or 
hydroxyprolyl residues, but has little specificity for N-terminal 
residues.
i.e aminoacyl-L-proline + HgO Prolidase^  amino acid + L-proline
Different substrates are cleaved at different rates by 
prolidase, and its order of preference for some common substrates 
is Ala-Pro, Ser-Pro, Met-Pro and Gly-Pro. Prolidase will also act 
on amides but it has no tripeptidase activity and will not cleave 
Pro-Pro (Barrett 1977).
Prolidase activity was first described by Bergman and 
Fruton in 1937, but it was not until 1973 that the pure enzyme 
was prepared from pig intestinal mucosa (Sjostrom et al 1971) 
using classical chromatographic and electrophoretic methods.
Prolidase is widely distributed in man and animals, and 
has been detected in intestinal mucosa, kidney, liver, brain, 
heart, uterus, thymus, erythrocytes, leucocytes, skin 
fibroblasts, amniotic fluid cells and plasma. It has also been 
reported in bacteria (Myara et al 1984a).
Like prolinase, prolidase is also a cytoplasmic enzyme. 
Prolidase is composed of two identical subunits which are non- 
covalently associated. It is a glycoprotein containing 0.5% 
carbohydrate and it tends to form large aggregates (Barrett 
1977).
The physicochemical properties of prolidase obtained from 
various sources are remarkably constant (Table 5).
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Table 5 Physicochemical Properties Of Prolidase
(Myara et al 1984a)
Source Of Prolidase Preparation
Property
Mol. Wt.
Mol.Wt. after 
decomposition
Amino acid 
composition
pi
for Gly-Pro 
(mM)
carbohydrate
content
pH optimum
Swine
Kidney
1 1 0 , 0 0 0
53,000
998
4.4
4.7
Swine Monkey Human
Intestine Intestine Erythrocyte
108,000 — —
53,000
976
4.4
0.5%
6.0
7.7 7.6-7. 8
Like prolinase and several other peptidases, prolidase is 
activated by Mn^ * (Priestman & Butterworth 1984) which is thought 
to bind to a thiol group, and which is essential for activity. 
It is also activated by Co^ * and Mg^* ions. Prolidase is inhibited 
by Mn^ * chelating agents (EDTA, fluoride, citrate) and thiol 
binding agents (iodoacetamide and p-chloromercuribenzoate) (Smith 
1955). It is also inhibited by Ag*, Cu^ *, Hg^ * and Zn^ *, however, 
inhibition produced by heavy metals is not reversed by thiols 
(Barrett 1977).
Prolidase is the only enzyme described so far which will 
cleave dipeptides of the type X-Pro, even peptidases with broad 
specificity will not cleave these substrates. Prolidase is also 
very specific in its action and has never been shown to cleave 
any other type of dipeptides (Rapley et al 1971; Hayman & 
Patterson 1971; Noren et al 1973; Mayer & Nordwig 1973; Akrawi 
& Bailey 1977, Butterworth & Priestman 1984).
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This high degree of specificity and the lack of other 
enzymes which can perform the same task explains why a defect in 
prolidase activity causes such a severe disturbance of 
metabolism.
i. Prolidase Deficiency
Goodman et al (1968) were the first to describe a
characteristic syndrome with massive iminodipeptiduria, skin and 
visceral symptoms resembling lathyrism. Powell et al (1974) were 
the first to demonstrate directly that a prolidase deficiency was 
responsible for the disorder.
Prolidase deficiency is a rare inherited disorder of
metabolism, and up until 1984 only 20 cases had been reported. 
Prolidase has been assigned to chromosome 19 in man and a 
deficiency is inherited as an autosomal recessive trait. Around 
2% of the Japanese population can be considered as heterozygous 
for this disease. Heterozygotes have about 50% of normal
erythrocyte prolidase activity but they present no clinical or
biochemical symptoms (Isemura et al 1979). There is also some 
heterogeneity in homozygotes, since patients have been found who 
have prolidase deficiency with iminopeptiduria but do not display 
any of the clinical symptoms (Arata et al 1979; Isemura et al 
1979). Therefore it is clear that some additional factors are 
necessary for the development of clinical manifestations of the 
disease.
Kaloustian et al (1982) have written an exhaustive 
clinical review of the symptoms of prolidase deficiency. The 
first symptoms can appear as early as 6  days of life, and often 
in the first few years. As expected, symptoms related to collagen 
disturbance are the most important. These include chronic 
recurrent skin ulcerations, especially in the legs. The skin is 
fragile with scar formation, purpuric lesions, pruritus and 
telangiectasia (dilation of surface capillaries), due to 
capillary fragility. Lymphoedema is present (due to osmotic 
disturbances as a result of iminodipeptide accumulation in 
tissues) and the skin is photosensitive. Patients also suffer 
from chronic recurrent infections and an immunological
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disturbance is implicated, particularly in the complement 
fraction Cl^ which contains high level of iminoacids. Other signs 
of a collagen disorder, present in some cases, were osteoporosis, 
hyperextensible joints and pronounced laxicity in ligaments, 
especially of the knee, producing a waddling gait (Arata et al 
1979). Practically all patients had an unusual facial appearance 
(enlarged cranium, small forehead, thin eyes), splenomegaly and 
varying degrees of mental retardation.
All patients suffered from massive iminodipeptiduria and 
elevated urinary free proline, hydroxyproline, hydroxylysine and 
glycosides. It is thought that the major contributory factor is 
an increase in collagen turnover, which has a high proportion of 
Gly-Pro sequences, but other proteins are thought to contribute 
(Isemura et al 1979). Iminodipeptiduria has also been reported 
in rickets, hyperparathyroidism and some unusual bone diseases.
Prolidase activity in plasma, erythrocytes, leucocytes, 
skin fibroblasts and skin biopsies from these patients is 
undetectable or very low, however, prolinase activity has always 
been found to be normal (Arata et al 1979; Myara et al 1984a; 
Myara & Stalder 1986).
Structural modifications of collagen have been described 
in skin samples from patients, and when collagen metabolism was 
studied in cultured skin fibroblasts (Myara et al 1984a), it was 
found that :
1. Collagen is present in normal amounts.
2. A modified ratio exists between type I and type III
collagen suggesting either hypercatabolism of type I or 
reactional synthesis of type III collagen.
3. Collagen hydroxylation is normal.
4. The free proline pool is significantly decreased due to
prolidase deficiency since proline is trapped into 
dipeptides and excreted.
5. Dialysable hydroxyproline is greatly increased indicating 
accelerated collagen degradation.
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Since collagen is present in normal amounts, synthesis 
must be considerably increased. Myara et al (1984a) suggest that 
the high levels of iminodipeptides are caused by the increased 
catabolism of collagen, and the increased collagen synthesis is 
a secondary reactional response.
As prolidase deficiency is characterised by trapping of 
proline in dipeptides and increased elimination of proline which 
cannot be reused for collagen synthesis, it was suggested that 
a proline deficiency may be responsible for the symptoms. 
However, proline supplemented diets produced no clinical 
improvement. Gelatin and exchange transfusions were also 
unsuccessful, as were a series of drugs.
When Mn^ * and ascorbic acid were administered to patients, 
the skin rashes disappeared and there was a dramatic drop in Gly- 
Pro excretion. This effect was studied further in cultured skin 
fibroblasts where it was found that ascorbic acid was the only 
effective drug (Myara et al 1983).
Ascorbate produced a dramatic increase in the growth rate 
of prolidase deficient fibroblasts compared to controls, but Mn^ * 
had no effect on growth. Prolidase activity was stimulated by 
ascorbate in normal cells, but activity was not restored in 
deficient cells. Ascorbic acid stimulated collagen synthesis, but 
the quality of collagen produced was poor (increased type I and 
type III trimers compared to controls). This effect on collagen 
synthesis may have enabled the prolidase deficient cells to react 
against the increased collagen catabolism, and triggered the 
massive cell proliferation (Myara et al 1983).
This effect on cell proliferation by ascorbic acid would 
explain the dermatological improvements, the disappearance of the 
skin rashes and improved healing of ulcers, however the drop in 
iminodipeptide (Gly-Pro) excretion still remains unexplained. 
Ascorbic acid still remains the only effective treatment for 
prolidase deficiency.
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4. Prolinase and Prolidase Activities in Clinical Conditions
Both prolinase and prolidase activities have been assayed 
in various human clinical disorders.
Gravinghoff and Hutter (1977) assessed prolinase and 
prolidase activities in biopsies of small intestinal mucosa from 
patients suffering from varying degrees of villous atrophy, and 
they found a significant decrease compared to normal tissue. 
There was a good correlation between enzyme activities and 
mucosal histology, and activities returned to normal after 
treatment with gluten-free diets.
Gejyo et al (1983) found decreased prolinase and prolidase 
activities in erythrocytes of patients with chronic uraemia as 
a result of kidney failure. They suggested that this was the 
cause of the increased levels of iminoacid containing peptides 
in the serum of these patients (iminoacidopathy).
Alterations of both prolinase and prolidase activities 
have been found in liver disease (Myara et al 1985b). Plasma 
prolinase activity was normal in cholelithiasis, liver 
metastasis, alcohol intoxication and gastrointestinal disease but 
strongly enhanced in acute hepatitis. Prolidase activity was also 
enhanced in acute hepatitis but less strongly. Prolinase activity 
correlated with aminotransferase activities (ALAT and ASAT) but 
not with alkaline phosphatase, )f-gTutamyltransferase, total 
bilirubin and serum albumin.
In chronic liver disease a discrepancy between prolinase 
and prolidase activities was found. Out of 24 patients, prolinase 
was slightly increased in 3 whereas prolidase was increased in 
13 patients (liver cytolysis was found to interfere with the 
assay of prolinase and prolidase, so only patients with normal 
aminotransferase activities were considered). It was suggested 
that this difference could be due to the differences in 
activation of the two enzymes in liver during the fibrotic 
process (Myara et al 1985b).
Chronic liver disease is characterised by changes in 
intrahepatic collagen metabolism. Myara et al (1984b) therefore 
determined the activities of prolinase and prolidase in 
fibroblasts from patients suffering from various types of Ehlers
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Danlos Syndrome (a genetic disorder of collagen metabolism), to 
determine whether the syndrome could be caused partially or 
totally by a deficiency of these enzymes. They failed to 
demonstrate a complete deficiency of both enzymes, and partial 
modifications were difficult to appreciate due to cell density 
interference.
When this problem was investigated further in cultured 
human skin fibroblasts, it was found that prolidase and prolinase 
activity, and also intracellular levels of amino acids were 
strongly dependent on cell density. All three parameters 
increased with cell density to the extent that for example 
prolidase activity doubled in the same normal fibroblast strain 
during the stationary growth phase (Myara et al 1985a). This 
could explain the differences in activities measured by different 
workers, and the authors suggest replacing the term "cells at 
confluency" by specifying the number of cells per unit surface 
area.
5. Possible Roles For Prolinase And Prolidase
Proline, hydroxyproline and their peptides have important 
roles in the nervous system. Proline is regarded as one of a 
number of putative amino acid neurotransmitters, and both 
prolinase and prolidase are important in regulating the amount 
of free proline available in the body. The brain contains several 
biologically active peptides (hormonal and behavioural) such as 
Substance P (recently shown to be a neurotransmitter) , melanocyte 
inhibitory factor (MIF), thyrotropin releasing factor (TRF), 
lipotropin, melanocyte stimulating hormone (MSH), oxytocin, 
vasopressin and angiotensin, which all contain proline, which is 
resistant to conventional peptidase action. Prolidase and 
prolinase may play a role in the metabolism of these active 
molecules and thus in the regulation of both neuronal and 
hormonal activity (Gejyo et al 1983). There is a high correlation 
coefficient between prolidase and prolinase in the peripheral 
tissues of the rat, but this is not so in the brain, indicating 
that the physiological roles of these two enzymes do differ (Imai 
et al 1982).
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Prolidase deficiency and hydroxyproline oxidase deficiency 
(an enzyme involved in the destruction of hydroxyproline derived 
from the breakdown of collagen) are both inherited as autosomal 
recessive traits, and both are associated with mental deficiency 
(Arata et al 1979; Pinnell & Murad 1982).
From developmental changes of prolidase activity in the 
rat brain, it is speculated that prolidase may participate in 
regulating the development of the nervous system. In support of 
this, thyroxine, which is known to be important in the 
development and innervation of several tissues, produced a 
precocious induction of both prolinase and prolidase in the 
developing rat parotid gland, thus implicating these enzymes in 
the proliferation and innervation of developing tissue (Imai et 
al 1982).
Free proline is required for de novo collagen synthesis 
during wound healing, and endogenous proline is provided by 
cleavage of X-Pro and Pro-X dipeptides by prolinase and prolidase 
respectively. It has been demonstrated that prolidase activity 
increases in burned rat skin compared to controls, reaching a 
maximum at 3 days, when cellular infiltration of the damaged area 
is maximal. In prolidase deficient patients proline recycling is 
disturbed and wound healing of minor trauma is delayed resulting 
in chronic slow-healing ulcers (Umemura et al 1980).
Prolinase and prolidase may also play a part in regulation 
of the immune system, since the complement fraction Clq contains 
high levels of iminoacids. A disturbance of complement Clq is 
implicated in prolidase deficiency (Myara et al 1984a) and 
patients often present with recurrent infections.
At the cellular level, work by Elgjo et al (1972) has 
shown that the G2 chalone, which regulates the transition of 
cells from G2 phase into mitosis, is an epidermal mitotic 
inhibitor, which consists of a glycoprotein with a high content 
of proline and hydroxyproline. This type of protein could also 
be a substrate for the actions of prolinase and prolidase. By 
increasing degradation of the G2 chalone, these enzymes would 
influence cells to undergo mitosis and therefore have a role in 
the regulation of cell division.
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6 . Conclusions
In conclusion, both prolinase and prolidase are involved 
in regulating the availability of free proline by releasing 
proline from iminodipeptides produced by the catabolism of 
proline -containing proteins. As a secondary role, these enzymes 
may be involved in several biological processes such as neuronal 
and hormonal activity, wound healing, regulation of the immune 
system, and control of cell proliferation. However, a definitive 
physiological role has not yet been defined for these enzymes 
other than in proline recycling.
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IRRITANCY TESTING IN CULTURED KERATINOCYTES
Leena Gajjar, Diane J. Benford
Robens Institute of Health and Safety, University of Surrey, 
Guildford, Surrey, United Kingdom
A  differentiating k e r a t i n o c y t e  cell line d e r i v e d  f r o m  e x p l a n t  c u l t u r e s  o f  rat s u b l i n g u a l  
e p i t h e l i u m  h a s  b e e n  u s e d  a s  a  p o t e n t i a l  in vitro m o d e l  for t o p ical (skin) irritation o f  a  
r a n g e  o f  d e t e r g e n t s .  T h e  e n d  p o i n t s  u s e d  to a s s e s s  toxicity w e r e  a c i d  p h o s p h a t a s e  
(AP) activity after 4  h  o f  d o s i n g  a n d  n e u t r a l  r e d  ( N R )  u p t a k e  a n d  k e n a c i d  b l u e  (KB) 
s t a i n i n g  after 3  d  t o  a s s e s s  cell viability a n d  n u m b e r .
T h e  a c i d  p h o s p h a t a s e  activity i n c r e a s e d  to  a  s h a r p  p e a k  w i t h  i n c r e a s i n g  d o s e s ,  t h e n  
fell e q u a l l y  s h a r p l y  for t h e  a n i o n i c  d e t e r g e n t  s o d i u m  d o d e c y l  sulfate ( S D S )  a n d  ca t ­
i o n i c  d e t e r g e n t s  T M A B s  ( t r i m e t h y l a m m o n i u m  b r o m i d e s ) .  W i t h  t h e  T w e e n s  (the least 
t oxic g r o u p )  t h e r e  w a s  n o  a c i d  p h o s p h a t a s e  p e a k  o r  it a p p e a r e d  at  t h e  h i g h e s t  d o s e  
level u s e d  (1.0 m g / m l ) .  T h e  d o s e - r e s p o n s e  c u r v e s  for N R  u p t a k e  p a r a l l e l e d  t h o s e  for 
K B  staining.
W i t h  all o f  t h e  t h r e e  e n d  p o i n t s ,  it w a s  a p p a r e n t  t hat t h e  o r d e r  o f  toxicity for t h e  
different g r o u p s  w a s  T M A B s  >  S D S  >  T w e e n s ,  w i t h  a  d i f f e r e n c e  o f  o n e  o r d e r  o f  
m a g n i t u d e  b e t w e e n  c o n s e c u t i v e  g r o u p s  w h e n  u s i n g  N R  a n d  K B .
INTRODUCTION
A differentiating keratinocyte cell line developed from explant cul­
tures of rat sublingual epithelium (stratified squamous epithelium) has 
been used as a potential in vitro model for topical (skin) irritancy testing 
of a range of surfactants. Surfactants as a group were selected because 
they are commonly used in commercial formulations such as cosmet­
ics, detergents, and emulsifiers, and as such come widely into contact 
with human skin. Three groups of chemicals were selected—the tr i­
methylammonium bromides (TMABs, cationic), sodium dodecyl sulfate 
(SDS, anionic), and polyoxyethylene sorbitans (Tweens, nonionic)—to 
give a variety of chemical structures and a range of severe to mild irri­
tancy, as judged by in vivo experiments.
Enzyme release is a good marker for cellular injury, and the release 
of acid phosphatase measured histologically seems to parallel the de­
velopment of visible signs of skin irritation in vivo, such as erythema
This w o r k  w a s  f u n d e d  b y  F R A M E  ( F und for the R e p l a c e m e n t  of A n i m a l s  in M e d i c a l  Experi­
ments).
Requests for reprints should b e  sent to D i a n e  J. Benford, R o b e n s  Institute of Health a n d  
Safety, University of Surrey, Guildford, Surrey G U 2  5 X H ,  United K i n g d o m .
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and edema in response to sodium fauryl sulfate (Gibson and Teall,
1983). For this reason, AP activity was measured after 4 h of dosing to 
give an early indication of toxicity.
Neutral red (NR) is a dye that is actively taken up into the lysosomes 
of living cells, and this was used as a quantitative marker of cell viability 
after 3 d of dosing. Kenacid blue (KB) is a stain for protein, and this was 
assayed again after 3 d in the same cells as an indication of the total cell 
number.
MATERIALS AND METHODS
Materials
A keratinocyte line designated RTF 5 was derived from explant cul­
tures of rat sublingual mucosa according to a modified version of the 
method of Jepsen (1974).
Cells were grown at 30°C in Earle's minimum essential medium con­
taining 10% fetal calf serum and 100 /ig/ml kanamycin. Medium was 
changed twice a week and cultures were maintained in a 95% air/5% 
CO2 environment. Culture media were obtained from Gibco Ltd., Pais­
ley, Scotland, and Falcon tissue culture plastics from Becton Dickinson, 
Cowley, Oxford.
Detergents were obtained from Sigma Chemical Co. Ltd., Poole, 
Dorset. The cationic detergents used were the trimethylammonium 
bromides (TMABs): dodecyl, tetradecyI, hexadecyl, and mixed alkyl 
TMAB (primarily C l4 with some C12 and C16). The anionic surfactant 
was SDS with different grades of purity, SDS (C10-C14), which contains 
a range of alkyl chains from CIO to C14 as by-products of the manufac­
turing process, and SDS (C12), which was chemically defined as 99% 
pure C12. The nonionic surfactants used were the Tweens 
(polyoxyethylene sorbitans) 20, 40, 60, 80, and 85.
Reagents for the acid phosphatase (AP) assay and NR dye were also 
obtained from Sigma, and KB was obtained from BDH (Chemicals) Ltd., 
Poole, Dorset.
Methods
Kératinocytes used for these experiments were at passages 10-16. 
Cells were plated at the appropriate density in 24-well culture plates, 
left overnight to attach, and treated with a range of surfactants diluted 
in culture medium.
Cells were treated for two time periods, 4 h and 3 d, w ith each 
surfactant. After 4 h of exposure, AP activity was determined in the cells 
using p-nitrophenyl phosphate as substrate, according to the method 
of Niggli and Rothlisberger (1986). The cells were solubilized in 1 M  
NaOH and protein content was assayed using Biorad dye reagent
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(Biorad Labs, GmbH, Munich). After 3 d of continuous exposure, neu­
tral red dye uptake and KB staining were determined according to the 
method of Riddell et al. (1986).
Cell plating densities were selected so that the control cultures 
were approximately 90% confluent, but not stratified, at the end of the 
exposure period, that is, 2 x  lOVml for 4 h and 1 x  lOVml for 3 d.
RESULTS
AP Activity
The data for AP activity were pooled from three separate experi­
ments and subjected to statistical analysis.
After 4 h the protein content of wells treated with SDS (C l2) and 
SDS (C10-C14) fell with increasing surfactant concentration to around 
30% of control wells at 1.0 mg/ml. However, with the TMABs and 
Tweens, the protein content per well did not vary from controls, even at
1.0 mg/ml (data not shown).
The AP activity of cells treated with the TMABs and SDSs increased 
to a sharp peak of two to three times control values with increasing 
surfactant concentration, then fell equally sharply to below control val­
ues (see Figs. la  and 16). Peak AP activity occurred at 0.1 mg/ml for all 4 
of the TMABs, whereas for the SDSs this peak occurred at a higher 
concentration [0.5 mg/ml for SDS (C10-C14) and 0.25 mg/ml for SDS 
(C l2)]. No AP peak was produced after treatment with the Tweens, ex­
cept in the case of Tween 20 where a small peak occurred at the highest 
concentration used (1.0 mg/ml) (Table 1).
NR and KB
The concentration response curves for NR uptake paralleled those 
for KB staining. Both had a typically sigmoid shape for all the com­
pounds tested except Tween 85, where levels at 1.0 mg/ml were not 
significantly different from controls.
Table 2 gives IC50 values (the concentration at which the response 
was reduced to 50% of control values) in milligrams per m illiliter for 
both NR and KB. The rank order o f toxicity between the groups was 
TMABs > SDS >  Tweens, with a difference in the IC50 value of one 
order of magnitude between consecutive groups, except that the toxic­
ity of dodecyl TMAB was closer to that of SDS than the other TMABs.
DISCUSSION
In the cases of the TMABs and SDS, the AP activity measured after 4 
h of exposure rose to a peak with increasing concentrations, then fell 
equally dramatically. The rise probably represents an increase in mem-
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F I G U R E  1. Acid ph o s p h a t a s e  activity. R T E  cells w e r e  treated with surfactants for 4  h  a n d  th e n  acid 
p h o s p h a t a s e  activity in the cells w a s  determined. T h e  data are the m e a n  of three e x p e r i m e n t s  with 
four replicates per d o s e  g r o u p  in e a c h  experiment. Asterisk indicates statistically significant versus 
control b y  a w e i g h t e d  modification of Student's f-test {p <  .05). (a) D o d e c y l  T M A B .  (fa) Tetradecyl 
T M A B .
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F I G U R E  1. Acid ph o s p h a t a s e  activity. R T E  cells w e r e  treated with surfactants for 4  h a n d  t h e n  acid 
p h o s p h a t a s e  activity in the cells w a s  determined. T h e  data are the m e a n  of three exp e r i m e n t s with 
four replicates per d o s e  g r o u p  in e a c h  experiment. Asterisk indicates statistically significant versus 
control b y  a w e i g h t e d  modification of Student's t-test (p <  .05) ( C o n t i n u e d ) ,  (c) H e x a d e c y l  T M A B .
(d) M i x e d  alkyl T M A B .
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F I G U R E  1. Acid p h o s p h a t a s e  activity. R T E  cells w e r e  treated with surfactants for 4  h  a n d  t h e n  acid 
p h o s p h a t a s e  activity in the cells w a s  determined. T h e  data are the m e a n  of three e xp e r i m e n t s  with 
four replicates per d o s e  g r o u p  in each experiment. Asterisk indicates statistically significant versus 
control b y  a  w e i g h t e d  modification of Student's f-test {p  <  .05) ( C o n t i n u e d ) ,  (e) S D S  (C12). (f) S D S  
(C10-C14).
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F I G U R E  1. Acid p h o s p h a t a s e  activity. R T E  cells w e r e  treated with surfactants for 4  h a n d  then acid 
p h o s p h a t a s e  activity in the cells w a s  determined. T h e  data are the m e a n  of three exp e r im e n t s  with 
four replicates per d o s e  g r o u p  in ea c h  experiment. Asterisk indicates statistically significant versus 
control b y  a w e i g h t e d  modification of Student's f-test (p <  .05) ( C o n t i n u e d ) ,  (g) T w e e n  20. (h) 
T w e e n  40.
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F I G U R E  1. Acid p h o s p h a t a s e  activity. R T E  cells w e r e  treated with surfactants for 4  h  a n d  th en  acid 
p h o s p h a t a s e  activity in the cells w a s  determined. T h e  data are the m e a n  of three e x p e r i m e n t s  with 
four replicates per d o s e  g r o u p  in eac h  experiment. Asterisk indicates statistically significant versus 
control b y  a w e i g h t e d  modification of Student's f-test (p <  .05) ( C o n t i n u e d ) .  (I) T w e e n  60. (j) T w e e n  
80.
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F I G U R E  1. Acid pho s p h a t a s e  activity. R T E  cells w e r e  treated with surfactants for 4  h a n d  then acid 
p h o s p h a t a s e  activity in the cells w a s  determined. T h e  data are the m e a n  of three e x periments with 
four replicates per d o s e  g r o u p  in e a c h  experiment. Asterisk indicates statistically significant versus 
control b y  a w e i g h t e d  modification of Student's f-test {p <  .05) { C o n t i n u e d ) ,  (k) T w e e n  85.
T A B L E  1. P e a k  Acid P h o s p hatase Activity^
C o m p o u n d m g / m l %  Control
Cationic
D o d e c y l  T M A B 0.1 230 ±  9
Tetradecyl T M A B 0.1 295 ±  9
He x a d e c y l  T M A B 0.1 323 ±  32
M i x e d  alkyl T M A B 0.1 21 7  ±  20
Anionic
S D S  (C10-C14) 0.5 212 ±  10
S D S  (C12) 0.25 276 ±  25
N o n i o n i c
T w e e n  20 1.0 158 ±  9
T w e e n  40 N o  p e a k
T w e e n  60 N o  p e a k
T w e e n  80 N o  p e a k
T w e e n  85 N o  p e a k
^RTE cells w e r e  d o s e d  with surfactants for 4  h, after w h i c h  acid p h o s p h a t a s e  (AP) activity w a s  
determined. T h e  table gives the d o s e  of surfactant at w h i c h  p e a k  A P  activity w a s  recorded. T h e  
data represent the m e a n  of three separate e x p e riments with four replicates per d o s e  g r o u p  in e a c h  
experiment.
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T A B L E  2. IC50 Values ( m g / m l f
C o m p o u n d Neutral red Kenacid blue
Cationic
D o d e c y l  T M A B 0.027 0.025
Tetradecyl T M A B 0.0057 0.0054
Hexad e c y l  T M A B 0.0029 0.0034
M i x e d  alkyl T M A B 0.008 0.0072
Anionic
S D S  (C12) 0.073 0.088
S D S  (C10-C14) 0.075 0.085
No n i o n i c
T w e e n  20 0.59 0.44
T w e e n  40 0.21 0.23
T w e e n  60 0.34 0.32
T w e e n  80 1.0 0.89
T w e e n  85 > 1 . 0 >1 . 0
^RTE cells w e r e  d o s e d  for 3 d, after w h i c h  neutral red (NR) upta k e a n d  kenacid blue (KR) 
staining w e r e  determined. T h e  a b o v e  results represent the m e a n  of t w o  separate e x periments with 
four replicates per d o s e  group. T h e  IC50 value indicates the concentration (mg/ml) at w h i c h  N R  
a n d  K B  w e r e  r e d u c e d  to 5 0 %  of control values.
brane permeability after treatment, which facilitates substrate entry 
into the cells (the product p-nitrophenol is freely diffusible across cellu­
lar membranes). The fall in AP is probably due to the fact that the 
enzyme has leaked out of the cells during exposure. With the Tweens 
there was no peak, except for Tween 20 at the highest concentration.
When these results are tabulated (Table 1) it can be seen that peak 
AP activity occurred at 0.1 mg/ml for the TMABs, 0.25-0.5 mg/ml for 
SDS, and 1.0 mg/ml or not at all for the Tweens. This gives an irritancy 
ranking order of TMABs > SDS > Tweens.
After 3 d of exposure, NR uptake and KB staining were assayed, and 
the concentration-response curves were essentially very similar for the 
two end points with all the compounds tested, as indicated by the IC50 
values (Table 2). There was a clear difference in toxicity between the 
three groups of surfactants. The cationic compounds were most toxic, 
followed by the anionic SDS, and the nonionics were least toxic.
This ranking order has been observed in several in vitro tests used 
to assess ocular irritancy, such as bovine corneal opacity (Igarashi, 
1987), inhibition of spontaneous contractions in rabbit ileum (Muir,
1984), and vascular changes in the hen's egg chorioallantoic membrane, 
among others (Scaife, 1985). The same order also holds true in vivo 
when these compounds are tested for eye irritancy in rabbits using the 
Draize test (Muir, 1985).
Very little data are available for skin irritancy in vivo with different 
classes of surfactants, which is surprising considering their wide­
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spread use. However, summarizing data from several species, includ­
ing humans as obtained from Lewis and Tatken (1980), it appears that 
the same ranking order holds true in vivo. The cationic compounds 
are the most toxic group—hexadecyl TMAB produced skin irritation in 
the mouse after only 1 h of dosing; SDS is next, producing a moderate 
skin reaction in several species (dog, mouse, rabbit, and human) after 
24 h of dosing; and the Tweens are least toxic, w ith Tween 80 causing 
only a mild reaction after 3 d of application (15-50 mg of each com­
pound).
In conclusion, all three end points used (AP activity, NR uptake, and 
KB staining) gave the same rank order of toxicity for surfactants. This 
correlated well with tests used to assess eye irritancy both in vitro and 
in vivo. However, a meaningful comparison with in vivo skin irritancy 
was impossible due to insufficient data being available. In a series of 
related compounds such as surfactants this test system seems to be 
able to distinguish between different chemical groups with some de­
gree of accuracy. However, its predictive value in testing the toxicity of 
unrelated compounds remains to be evaluated.
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COMPARISON OF CULTURED KERATINOCYTES 
AND FIBROBLASTS AS MODELS FOR IRRITANCY 
TESTING IN VITRO
L. G ajjar and D. J. B e n f o r d*
Robens Institute of Health and Safety, University o f Surrey, Guildford, Surrey GU2 5XH, UK
Abstract—Surfactants are widely used and often cause irritation to human skin. Three groups of 
surfactants, the trimethylammonium bromides (cationic), sodium dodecyl sulphate (anionic) and the 
polyoxyethylene sorbitans (Tweens, nonionic) were tested on a rat keratinocyte line (RTE) and an 
established fibroblast line (3T3-L1) to assess their potential as models for skin irritancy testing. Acid 
phosphatase (AP) release seems to parallel the development of signs o f irritation in vivo and therefore AP 
activity was assayed after 4 hours’ treatment to give an early indication of toxicity. AP activity in RTE 
kératinocytes rose to a peak and fell sharply, whereas in 3T3-L1 it did not change with treatment. 
Therefore AP may be a specific indicator of toxicity in kératinocytes. Neutral red (NR) uptake and kenacid 
blue (KB) staining were both assayed after 3 days’ treatment as an indicator of cell proliferation. RTE 
and 3T3-L1 were equally sensitive in terms of NR and KB-IDjq values for the anionic and nonionic 
compounds; however, 3T3 was more sensitive to the cationic compounds.
Introduction
A keratinocyte cell line (RTE) has been developed 
from explant cultures o f rat sublingual epithelium, 
which is itself a stratified squamous epithelium. The 
kératinocytes differentiate as they stratify, and mor­
phologically have several features in common with 
the epidermis in vivo.
The major cellular component o f the dermis in vivo 
is the fibroblast. Fibroblasts have been incorporated 
into collagen gels and used as a ‘dermal equivalent’, 
with kératinocytes cultured on top as the equivalent 
o f the epidermis in models for skin. 3T3-L1 cells are 
an established fibroblast cell line derived from mouse 
embryo, which have been used extensively in cytotox­
icity studies, and in particular in the FRAM E cyto­
toxicity programme.
The response of RTE cells to detergents has been 
reported previously (Gajjar and Benford, 1987). The 
work has now been extended to compare the RTE 
cells with 3T3-L1 cells to determine whether the 
effects were specific to kératinocytes.
It is accepted that enzyme release is a good marker 
for cellular injury in skin, and the release o f acid 
phosphatase (AP) measured histologically seems to 
parallel the development o f visible signs of irritation 
produced by sodium dodecyl sulphate (SDS) in rat 
skin in vivo, such as erythema and oedema in the 
dermis (Gibson and Teall, 1983). We have shown that 
AP activity after 4 hours’ exposure gave an early 
indication of toxicity in RTE cells (Gajjar and Ben­
ford, 1987), and this has now been examined in 3T3 
cells. In addition, cytotoxicity has been assessed after 
3 days by means of neutral red (NR) uptake into the
*To whom all correspondence should be addressed. 
Abbreviations: AP = acid phosphatase; KB = kenacid blue; 
NR = neutral red; pNP = p-nitrophenol; SDS = sodium 
dodecyl sulphate; TMAB = trimethylammonium bro­
mides.
lysosomes o f living cells, and kenacid blue (KB) 
staining for protein in the same cells.
Materials and Methods
Materials. Kératinocytes were derived from ex­
piant cultures o f ra t sublingual mucosa and subculti­
vated to produce a cell line (designated RTE 5) 
according to  a modified version of the method of 
Jepsen (1974). Kératinocytes used in these exper­
iments were a t passages 10 to 16. RTE cells were 
grown at 30°C in Eagle’s minimum essential medium 
containing 1 0 % foetal calf serum and 1 0 0  p g 
kanamycin/ml.
3T3-L1 mouse embryo fibroblasts were obtained as 
an established cell line from the American Type 
Culture Collection (code CCL92.1). Fibroblasts were 
grown at 37°C in Dulbecco’s minimal essential 
medium supplemented with 1 0 % newborn calf 
serum, 100 lU  benzylpenicillin/ml, 100 p g strepto­
mycin/ml and 2 /ig Fungizone/ml. Both cell lines were 
maintained in a 95% air/5%  CO; environment, and 
culture medium was changed twice weekly.
Culture media were obtained from Gibco Ltd, 
Paisley, Scotland, and Falcon tissue culture plastics 
from Becton Dickinson, Cowley, Oxford, UK.
Detergents were obtained from Sigma Chemical 
Co. Ltd, Poole, Dorset, UK. The cationic detergents 
used were the trimethylammonium bromides 
(TMAB); dodecyl, tetradecyl, hexadecyl and mixed 
alkyl TM AB (primarily C14 with some C l2 and C16). 
The anionic surfactant was sodium lauryl sulphate, of 
which two degrees o f purity were used—the lauryl 
sulphate (SDS, C10-C12), which contains a range of 
alkyl chains from CIO to C14 as by-products of the 
manufacturing process, and dodecyl sulphate (SDS 
C l2), which was chemically defined as 99% pure C l 2 . 
The nonionic surfactants used were the Tweens (poly­
oxyethylene sorbitans); Tweens 2 0 , 40, 60, 80 and 85.
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Reagents for the AP assay and NR dye were also 
obtained from Sigma and KB was obtained from 
BDH (Chemicals) Ltd, Poole, Dorset, UK.
Methods. Cell plating densities were selected such 
that control cultures were approximately 90% con­
fluent, but not stratified, at the end of the exposure 
period. For RTE kératinocytes this was 2 x 1 0 ^  
cells/ml for 4 hours’ exposure and 1 x  10^/ml for 3 
days. For 3T3-L1 fibroblasts, the seeding densities 
were 4 x 10" cells/ml for 4 hours’ treatment and 
2 X  10" cells/ml for 3 days. One ml of the cell suspen­
sion was plated per well in 24-well culture plates; the 
cells were left overnight to attach, then treated with 
a range o f surfactants diluted in culture medium.
Cells were treated for two time periods, 4 hr and 3 
days, with each surfactant. After 4 hours’ exposure, 
AP activity was determined in the cells using / 7-nitro- 
phenylphosphate as substrate, according to the 
method o f Niggli and Rothlisberger (1986). The cells 
were solubilized in 1 M-NaOH and protein content 
assayed using Bio-Rad dye reagent (Bio-Rad Labs, 
GmbH, Munich, FRG). After 3 days’ continuous 
exposure, N R  uptake and KB staining were deter­
mined according to the method o f Riddell et al. 
(1986).
Results
AP activity
RTE cells will stratify and differentiate in culture, 
and the sensitivity o f differentiated cells to toxic insult 
may vary from that o f basal cells. Therefore kératino­
cytes were treated with detergents as a monolayer to 
simplify the system and ensure that the exposed cell 
population was homogeneous. Data were pooled 
from three separate experiments for RTE cells and 
calculated as nmol p-nitrophenol (pN P) produced/ 
min/mg protein before being expressed as a percent­
age of control cultures.
For comparative purposes, 3T3-L1 fibroblasts 
were plated at 20% of the RTE cell density to achieve 
a similar state o f confluency. Owing to the lower 
seeding density for 3T3-L1 cells, the protein esti­
mations for AP activity were close to the limits o f 
detection for the assay used (< 1 0  pg/ml, Bio-Rad 
method) and therefore subject to greater variation 
between replicates. More accurate information was 
therefore obtained from the absorbance readings of 
pN P  produced. For 3T3-L1 cells, the data represent 
the mean of two experiments calculated as ab­
sorbance o f p N P  produced per well expressed as a 
percentage of control wells.
In both cell types and with all three TMAB, the 
protein content o f the wells did not change with 
surfactant treatment up to an exposure level of 
1 mg/ml (data not shown).
Control AP activity was similar in 3T3-L1 and 
RTE cells at around 1-10 nmol pNP/min/mg protein.
AP activity in RTE cells rose to a sharp peak of 
two to three times control values on treatment with 
the three TMAB, then fell equally sharply. Peak 
activity occurred at 0.1 mg/ml for all three TMAB. 
With 3T3-L1 fibroblasts, however, AP activity did 
not rise above control values, but tended to decline 
with increasing TMAB concentration (Fig. 1).
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Fig. I. AP activity in two cell lines treated with trimethylam­
monium bromides. Cells were treated with surfactants for 
4 hr then AP activity in the cells was determined. The data
represent the mean of 3 experiments for RTE cells (----- )
and the mean of 2 experiments for 3T3-L1 cells (------) with
4 replicates per dose group in each experiment. ^Statistically 
significant from control by a weighted modification of 
Student’s /-test {P < 0.05).
NR and KB
Table 1 gives IC^, values (the concentration at 
which the response was reduced to 50% of control 
values) for N R  and KB in the two cell lines for each 
detergent.
The rank order o f toxicity between the different 
surfactant groups was the same in both cell lines, that 
is cationic >  anionic >  nonionic, with a difference in 
the IC 50 value o f one order o f magnitude between
TIV 4/4/5— D
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Table 1. IC50 values for NR and KB in two cell lines tested with three groups of surfactants*
Compound
NR KB
RTE 3T3 RTE 3T3
Cationic
Dodecyl TMAB 0.027 0.0015 0.025 0.0006
Tetradecyl TMAB 0.0057 0.00046 0.0054 0.00018
Hexadecyl TMAB 0.0029 0.00065 0.0034 0.00025
Mixed alkyl TMAB 0.008 0.00055 0.0072 0.00021
Anionic
SDS 99% 0.073 0.061 0.088 0.065
SDS lauryl 0.075 — 0.085 0.094t
Non-ionic
Tween 20 0.59 — 0.44 0.262t
Tween 40 0.21 — 0.23 0.159t
Tween 60 0.34 — 0.32 0.244t
Tween 80 1.0 — 0.89 0.619t
Tween 85 > 1.0 — > 1.0 0.507t
* Cells were dosed for 3 days after which NR uptake and KB staining were determined. The 
RTE results represent the mean of 2 separate experiments, and 3T3-L1 results the mean 
of 3 experiments with 4 replicates per dose group in each case. The IC^ value indicates 
the concentration in mg/ml at which NR and KB were reduced to 50% of control values. 
fData obtained from FRAME using an identical protocol.
consecutive groups, except that the toxicity of 
dodecyl TMAB was closer to that o f SDS than the 
other TMAB.
The two cell lines were equally sensitive to the 
anionic SDS and nonionic Tweens; however, the 
3T3-L1 fibroblasts were more sensitive to the cationic 
TMAB than were the kératinocytes, by one order of 
magnitude.
Discussion
As reported previously (Gajjar and Benford, 1987), 
in RTE cells treated with increasing concentrations o f 
TMAB, the AP activity increased to a peak then fell 
sharply. This can be explained in terms of per­
meability changes in both the cell membrane and the 
lysosomal membranes. Increasing the concentration 
of surfactant that cells are exposed to would enhance 
the permeability of these membranes and thus facili­
tate substrate entry and product exit from the cells, 
SO producing the AP peak. As the detergent concen­
tration is further increased, greater changes in 
membrane integrity would result in release of the AP 
enzyme itself from the cell during the exposure 
period, so reducing AP activity measured in the cells 
after exposure. This could be verified by measuring 
leakage o f AP from cells during the exposure period; 
however, in this system the constituents of the 
culture medium would interfere with the AP assay 
procedure.
In the 3T3-L1 cells, no AP peak was produced 
with any of the TMAB up to a concentration of 
1 . 0  mg/ml.
Therefore, it appears that there is a real difference 
between the two cell lines in the way that AP activity 
is expressed in response to detergents. This implies 
that AP activity may be a specific indicator of toxicity 
in kératinocytes, a view that is further substantiated 
by the work of Gibson and Teall (1983), which 
suggests that much of the enzyme activity released 
during skin irritation produced by SDS in rat skin 
originates from the epidermis.
NR and KB are general indicators of toxicity and 
give a measure o f the total cell population surviving
after 3 days’ exposure. Essentially, the dose-response 
curves were very similar for the two endpoints with 
all the compounds tested, and in both cell lines, as 
indicated by the IC 50 values (Table I). There was a 
clear difference in toxicity between the three groups 
of surfactants with both cell lines. Cationic com­
pounds were m ost toxic, followed by the anionic, and 
the nonionic were least toxic. This ranking order 
appears to be a general trend and has been observed 
in several other in vitro and in vivo tests for irritancy 
(Igarashi, 1987; Muir, 1984 and 1985; Scaife, 1985). 
The two cell lines were similar in sensitivity to the 
anionic SDS and nonionic Tweens; however, the 
fibroblasts were more sensitive to the cationic 
TMAB. It has yet to be established which cell line 
gives the closest approximation to skin sensitivity in 
vivo.
It is apparent that there are major differences 
between RTE kératinocytes and 3T3-L1 fibroblasts 
regarding their response to surfactant treatment. 
There is a selective difference in the two cell types 
regarding sensitivity to cationic surfactants, and they 
differ in that AP activity appears to be readily 
expressed in kératinocytes but not in fibroblasts. 
These differences should be borne in mind in the 
selection o f cell lines as suitable in vitro models for 
irritancy testing.
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